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Resumen
La presente Tesis Doctoral plasma los resultados de un ambicioso trabajo de
investigación con espíritu de integración de varias disciplinas de las ciencias marinas. El
trabajo se centra en varios aspectos de la cartografía marina y la caracterización de los
hábitats bentónicos y se analiza el empleo de los resultados en la gestión marina. El
ámbito geográfico de la investigación es la plataforma continental vasca, hasta los 100
m de profundidad, lo que supone una superficie aproximada de 1.096 km2. Han sido
empleadas varias técnicas de sensores remotos de última generación: ecosonda
multihaz, LiDAR batimétrico y topográfico, sísmica de reflexión continua. Además, han
sido integrados datos sedimentológicos y de macrobentos, vídeo submarino, datos
hidrográficos y de modelización numérica del oleaje. El análisis de los datos y la
interpretación de la información ha requerido la integración de los mismos en un
Sistema de Información Geográfica y el empleo de métodos de modelización de
hábitats. Los resultados obtenidos se plasman a través de una (i) exhaustiva
caracterización morfosedimentaria y de procesos de la plataforma continental; (ii) la
caracterización de los principales hábitats bentónicos; (iii) el desarrollo de un modelo de
hábitat bentónico de sustrato sedimentario basado en los procesos ambientales; (iv) la
caracterización y delimitación geográfica del hábitat idóneo del bogavante; y (v) se ha
desarrollado un método para la selección de ubicaciones idóneas para la instalación de
captadores de energía del oleaje basado en un análisis multicriterio. La presente Tesis
Doctoral representa un importante avance científico en el estado del arte de la
cartografía marina y la caracterización de los fondos y hábitats bentónicos. Los
resultados se están empleando en varios aspectos de la Gestión Integrada de las Zonas
Costeras tales como la valoración del estado ambiental, necesario para la
implementación de la Directiva de la Estrategia Marina Europea, la valorización de
bienes y servicios ecosistémicos, y además, marca un hito importante hacia la gestión
ecosistémica y la Planificación Espacial Marina.
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Summary
The results of research undertaken within the context of the integration of
various disciplines of marine science are described. The study is focused upon seabed
mapping and benthic habitats characterisation and their use in various aspects of marine
management. The study area is located in the Basque continental shelf up to 100 m
water depth; this represents an approximate area of 1,096 km2. Several remote sensing
techniques were used, including multibeam echosounder, bathymetric and topographic
LiDAR, and seismic reflection. Sedimentological and macrobenthos, underwater video,
hydrographic data and numerical modeling of waves have also been investigated. The
data analysis has required integration into a Geographic Information System and the use
of habitat modelling approaches. The results are expressed through: (i) a
morphosedimentary comprehensive characterization of processes on the continental
shelf; (ii) the characterization of benthic habitats; (iii) a sedimentary substrate benthic
habitat model development; (iv) the characterization and geographical demarcation, of
suitable habitat for lobster; and (v) a method for selecting suitable locations for the
installation of wave energy converters, based upon a multi-criteria analysis. The
research represents an important scientific breakthrough in terms of seafloor mapping
and the characterization of benthic habitats. The results are being used in the assessment
of environmental status, necessary for the implementation of the European Marine
Strategy Framework Directive, the valuation of ecosystem 'goods and services'; it marks
an important step towards ecosystem management and Marine Spatial Planning, within
Integrated Coastal Zone Management.
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Introducción
Los océanos y mares albergan una gran cantidad de hábitats singulares y una
elevada biodiversidad, pero el conocimiento acerca de la extensión, distribución y
funcionamiento ecológico de los hábitats bentónicos es aún extremadamente pobre,
principalmente debido a las limitaciones técnicas a las que están sujetos los métodos de
cartografiado convencionales. Es por ello por lo que se estima que sólo entre el 5 y el
10% del fondo marino está cartografiado con una resolución similar a estudios
equivalentes en tierra (Wright & Heyman, 2008).
Darwin (1859) definió un habitat como "la localidad donde una planta o un
animal habita de forma natural", pero la definición más reciente desarrollada por el
grupo de trabajo de cartografía de hábitats del Consejo Internacional para la
Exploración del Mar (ICES, 2006), indica que un hábitat está definido por "un ambiente
particular que puede ser distinguido por sus caracteristicas abióticas y la composición
biológica asociada, que opera en un área particular reconocible, pero con escalas
espacio-temporales dinámicas". Por tanto, un hábitat queda definido por la combinación
del ambiente abiótico y biótico.
Los hábitats bentónicos forman parte de las funciones ecosistémicas que han
proporcionado, y siguen proporcionando, diversos bienes y servicios al ser humano
(Costanza et al., 1997), pero la degradación, destrucción, fragmentación y pérdida de
hábitats son las consecuencias más dramáticas de las presiones antropogénicas sobre los
ecosistemas naturales (Fraschetti et al., 2008; Sih et al., 2000). Por tanto, los hábitats
naturales se encuentran actualmente amenazados y requieren una gestión más adecuada
para preservar los hábitats, los stocks y la biodiversidad (Boeuf, 2011). La gestión
efectiva de los recursos, la protección de áreas de importancia ecológica y el
establecimiento de medidas legislativas, orientadas a la conservación de los océanos, es
una tarea difícil y complicada; pero es evidente que, para alcanzar estos requerimientos
de gestión, es urgente desarrollar métodos robustos de mapeado de ecosistemas marinos
para determinar su localización geográfica, extensión y estado (Brown et al., 2011).
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Además, a escala mundial, cada vez existe un mayor número de presiones que,
de manera muy significativa, están alterando nuestros mares y sus fondos (Halpern et
al., 2008). Entre ellas, están la destrucción de hábitats, la pesca comercial, los dragados,
la contaminación de origen muy diverso (vertidos sólidos y líquidos, basuras, etc.), el
turismo, la acuicultura, la explotación de recursos, etc. (Borja, 2009).
Queda patente, pues, que el uso sostenible de los mares requiere de medidas de
gestión que contemplen la explotación de los recursos, junto a la conservación de los
hábitats y la biodiversidad marina. Esto, a su vez, requiere un conocimiento científico
obtenido a partir de estudios holísticos y multidisciplinares que abarquen diferentes
aspectos de las ciencias marinas (Borja, 2009) y, más concretamente, un mejor
conocimiento de los fondos marinos, especialmente en la relación entre estos y los
procesos y los hábitats marinos (Van Hoey et al., 2010).
En el País Vasco, la zona costera terrestre representa el 12% de la superficie
total de la Comunidad, aunque soporta el 60% de la población y el 33% de las
actividades industriales (G.V., 1998). Estas fuerzas motrices (sensu el análisis DPSIR:
Drivers-Pressures-State-Impacts-Responses), han generado una gran presión humana en
la costa vasca (ver Borja et al. (2006a), para más explicaciones, tanto del análisis como
de las presiones), que ha producido cambios dramáticos en sus características
fisiográficas, químicas y biológicas en los últimos dos siglos (Cearreta et al., 2004).
Pero, a su vez, existe un insuficiente conocimiento de los hábitats marinos, que
permitan mejorar la gestión marina y de los recursos, así como lograr el cumplimiento
los objetivos y plazos marcados por legislaciones diversas, como la Directiva de
Hábitats de la Comunidad Europea (Galparsoro et al., 2009c); las propuestas de Lugares
de Interés Comunitario para la Red NATURA2000; o la Directiva Marco de la
Estrategia Marina europea (DEME; 2008/56/CE) (Borja, 2006; Borja et al., 2010;
Cardoso et al., 2010). Para ello, es necesario obtener información cartográfica de los
fondos marinos de la plataforma continental vasca, así como identificar y caracterizar
los hábitats más significativos del ámbito marino del País Vasco.
Debido a las restricciones que impone la propia columna de agua, actualmente
las técnicas de cartografiado en medio marino se basan en sensores remotos. Como en
todas las disciplinas, pero en ésta aún más notablemente si cabe, se está a merced de la
tecnología para poder resolver los problemas que se plantean al abordar la cartografía de
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los fondos marinos. El desarrollo de los sistemas de cartografiado marino de alta
resolución, tales como las sondas multihaz en la década de los 90 (Hughes Clarke et al.,
1996; Lastras et al., 2009; Liquete et al., 2007), o más recientemente, el Light Detection
And Ranging batimétrico (o LiDAR por sus siglas en inglés) (Chust et al., 2008; Chust
et al., 2010b; Finkl & Andrews, 2009; Galparsoro et al., 2009b; Irish & Lillycrop,
1999), han marcado un punto de inflexión en la forma en la que se estudia el fondo
marino. Los registros obtenidos mediante estas técnicas pueden emplearse para la
generación de modelos digitales de elevación de los cuales se pueden derivar aspectos
morfológicos como la pendiente o la rugosidad (Wilson et al., 2007), o analizar la
respuesta acústica del fondo, o reflectividad, para inferir el tipo de fondo y su
composición (Brown & Blondel, 2009; Fonseca et al., 2009). Las imágenes obtenidas
del suelo marino presentan un gran potencial para producir un cambio radical dentro del
conocimiento y entendimiento de la morfología submarina y de los procesos que
suceden en dicho suelo (Finkl et al., 2008; Hernández-Molina et al., 2008; Hovland,
2003), cartografía de hábitats bentónicos (Brown & Blondel, 2009; Kostylev et al.,
2001; Orpin & Kostylev, 2006; Ryan et al., 2007; Wilson et al., 2007), la distribución
de la biodiversidad bentónica (Baptist et al., 2006; Thrush et al., 2006; Zajac, 2008),
riqueza de peces (Pittman et al., 2007), la gestión de especies de interés comercial
(Galparsoro et al., 2009a; Kostylev et al., 2003; Lucieer & Pederson, 2008; Monk et al.,
2011). Más recientemente, dicha información ha sido empleada para la Gestión
Integrada de la Zona Costera (Borja et al., 2008b), el establecimiento del estado
ecológico para el cumplimiento de la DEME (Borja et al., 2011), el seguimiento
temporal de la evolución de material de dragado proveniente de puertos (Cooper et al.,
2007; Marsh & Brown, 2009), la designación de áreas marinas protegidas (Harris et al.,
2008) y la Planificación Espacial Marina (Campbell & Hewitt, 2006; Pickrill & Todd,
2003).
Generalmente, las técnicas descritas son capaces de generar información con
cobertura continua, mientras que la disponibilidad de información biológica suele ser
limitada y correspondiente a localizaciones discretas (por ejemplo, dragas o vídeo
submarino). Por tanto, la necesidad de generar mapas de hábitats o mapas de
distribución de determinadas especies de interés (tanto para su conservación como para
su gestión como recurso económico), han conducido al desarrollo de diferentes técnicas
estadísticas y matemáticas para desarrollar modelos predictivos de distribución de los
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hábitats y especies (Guisan & Zimmermann, 2000). Estos se basan en el análisis
estadístico de la relación entre las observaciones en campo y una serie de variables
ambientales, o predictores espaciales, que representan determinadas características clave
del nicho (Hirzel & Guisan, 2002). Los modelos más sencillos, relacionan la presencia
de una especie respecto a las características ambientales, pero los modelos más
complejos deben tener en consideración la composición de las especies y sus
características ecológicas; así como las características físicas del sustrato, las
características oceanográficas en la zona cercana al fondo (Gogina et al., 2010) y los
procesos que acaecen en él. En este sentido, la disturbancia física o la disponibilidad de
alimento se consideran factores importantes y estructurantes de las comunidades
bentónicas (Kube et al., 1996); y, por tanto, los modelos de hábitats más avanzados
tratan de explicar los procesos ecológicos (Bremner et al., 2006a). En este contexto,
entender los procesos ecosistémicos y su modelización, es uno de los retos más
importantes de la investigación marina actual.
La investigación marina al servicio de las nuevas políticas europeas de
gestión
El diseño de herramientas de gestión adecuadas para las zonas costeras requiere
una eficiente colaboración entre la ciencia y la legislación (Vallega, 2005). Puede
decirse que el objetivo común de las legislaciones actuales, y de las que se encuentran
en desarrollo, es la protección y/o la restauración de los mares, asegurando que las
actividades humanas se llevan a cabo de una manera sostenible, para proporcionar unas
masas de agua seguras, limpias, saludables y productivas (Borja et al., 2008a). Por
tanto, se trata de promover el uso sostenible de los mares y de los ecosistemas marinos a
través de la conservación del buen estado medioambiental y ecológico de las aguas
marinas, los hábitats, la biodiversidad y los recursos.
Las Directivas Europeas y sus transposiciones nacionales
Desde principios de los 80, varias convenciones y acuerdos mundiales han
enfatizado la necesidad de implementación y desarrollo de herramientas sostenibles para
proteger el medioambiente (United Nations, 1982, 1992, 2002). En Europa, la Directiva
Hábitats (1992/43/CE) (European Commision, 1992), junto con la Directiva de Aves,
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constituyen la piedra angular de la política europea de conservación de la naturaleza.
Están construidas en torno a dos pilares: la Red Natura 2000 de espacios protegidos y el
estricto sistema de protección de especies. La Directiva protege a más de 1.000 especies
animales y vegetales y más de 200 "tipos de hábitats", que son de importancia europea.
Más recientemente, han sido aprobadas dos directivas con la intención de alcanzar una
buena gestión y uso de las diferentes masas de agua: la Directiva Marco del Agua
(DMA; 2000/60/CE) (European Commision, 2000) y la antes comentada Directiva de
Estrategia Marina Europea (DEME; 2008/56/CE) (European Commision, 2008a). La
DMA, requiere que las masas de agua interiores y costeras, definidas en las cuencas de
los ríos, deben alcanzar, por lo menos, el buen estado ecológico para el año 2015, y
define cómo debería de ser alcanzado (Borja, 2005). Esto dará como resultado el
alcanzar un ambiente acuático saludable teniendo en consideración los aspectos
medioambientales, económicos y sociales (European Commision, 2000). Por otro lado,
la DEME, tiene como objetivo final alcanzar el buen estado ambiental en las aguas
marinas de la Unión Europea para el año 2020. Esta directiva está designada para
alcanzar completamente el potencial económico de los océanos y los mares en armonía
con el ambiente marino (Borja et al., 2010). El concepto del estado ambiental tiene en
cuenta la estructura, la función y los procesos de los ecosistemas marinos, poniendo en
conjunto los factores físicos, químicos, fisiográficos, geográficos y factores climáticos;
e integra esas condiciones, junto a los impactos antropogénicos y las actividades
llevadas a cabo en el área en cuestión (Borja et al., 2008a). La biodiversidad y la
integridad de los fondos marinos son dos de los 11 descriptores cualitativos empleados
por la DEME para establecer el estado ambiental (Borja et al., 2010; Borja et al., 2011).
En el primer ejercicio de desarrollo metodológico realizado en Europa, para la
valoración del estado ambiental en la implementación de la DEME (Borja et al., 2011),
ha sido analizado y valorado el estado ambiental en el País Vasco, haciendo referencia a
los indicadores de características físicas y químicas, entre otros, a través de topografía y
batimetría del lecho marino. También se han analizado los tipos de hábitats a través de
la (i) descripción del tipo de hábitat que prevalece y de sus características físicas y
químicas: profundidad, régimen de temperaturas, corrientes, salinidad, estructura y
sustrato del lecho, (ii) censo y cartografía de los tipos de hábitat especiales, en particular
los que la legislación comunitaria (Directivas «Hábitats» y «Aves silvestres») o los que
los convenios internacionales reconocen y consideran de interés especial para la ciencia
o la diversidad biológica, y se han analizado (iii) otras zonas especiales que merecen
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una mención específica por sus características, su localización o su importancia
estratégica.
En España, la nueva Ley de Protección del Medio Marino (Ley 41/2010) (BOE,
2010), incorpora la DEME al derecho español y, además, engloba la regulación de otros
aspectos de la protección del medio marino que hasta ahora no se habían abordado en la
legislación estatal. Esta ley se constituye como el marco general para la planificación
del medio marino, con el objetivo de lograr su buen estado ambiental.
Prospectiva
Tal y como ha sido descrito a través de los apartados anteriores, actualmente se
presentan nuevos retos para la investigación marina, principalmente en lo que se refiere
a la ampliación del conocimiento, desde un sentido amplio, del ecosistema marino y con
el objeto de dar respuesta a las necesidades de conservación y gestión marina. A
continuación, se describen algunos de ellos.
Enfoque ecosistémico
La gestión ecosistémica puede definirse como ‘la gestión integrada comprensiva
de las actividades humanas, basada en el mejor conocimiento científico disponible sobre
los ecosistemas y su dinámica, con objeto de identificar y actuar sobre las influencias
críticas para la salud de los ecosistemas marinos, alcanzando de este modo un uso
sostenible de sus bienes y servicios y un mantenimiento de la integridad de los
ecosistemas’ (Borja et al., 2008a). Los componentes de un ecosistema son múltiples,
interviniendo factores bióticos (especies de fauna y flora, y de diferentes hábitats) y
abióticos (aspectos geológicos, oceanográficos, etc.), pero también factores ‘externos’,
como el clima, o las actividades humanas (en este caso, la pesca, pero puede
considerarse cualquier otro) e incluso aspectos socio-económicos e institucionales. Es
decir, que una buena gestión ecosistémica debería tener en cuenta todos estos factores,
para hacer una evaluación integral. En Europa, la DEME busca realizar una evaluación
del medio y una gestión basados en el principio de la gestión integrada o de la gestión
ecosistémica (ecosystem-based approach) (Browman et al., 2004; FAO, 2005;
Nicholson & Jennings, 2004; Rudd, 2004; Tallis et al., 2010).
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Con todo ello, existe una opinión consensuada de que la futura gestión del
medio marino debe estar basada en los ecosistemas (o gestión ecosistémica), entendida
como un método para la gestión integral de las aguas, los recursos vivos, y los
ecosistemas, que promueva la conservación del medio marino y el uso sostenible de éste
(Borja, 2009). En este contexto, la investigación orientada a entender los procesos
ecosistémicos tendrá gran relevancia, dado que serán herramientas de gran utilidad para
el diseño de las medidas de gestión adaptativas. Parte de estas herramientas se examinan
a continuación.
Valorización de bienes y servicios ecosistémicos
Un aspecto de importancia creciente es el de la valorización de los bienes y
servicios que puede proporcionar la naturaleza, y que fueron sistematizados por primera
vez por Costanza et al. (1997). Sin embargo, posteriormente, se han ido realizando
algunas precisiones a este primer trabajo (de Groot et al., 2002), de manera que
actualmente muchos países, como Estados Unidos (Costanza et al., 2006; Mates, 2007a,
b) y diversos países europeos (Beaumont et al., 2007; Beaumont et al., 2008; Beaumont
et al., 2006; Derous, 2007) están procediendo a evaluar los beneficios que las zonas
costeras y marinas producen a la humanidad en términos de bienes y servicios (Borja,
2009), así como la valorización de la biodiversidad en la costa vasca (Pascual et al., in
press). En este contexto, la información relativa a los tipos de fondo y hábitats, junto a
bases de datos y los Sistemas de Información Geográficos (SIG, o GIS por sus siglas en
inglés), serán herramientas indispensables para una adecuada valorización.
Planificación Espacial Marina
Tal y como se define en la Ley de Protección del Medio Marino, el objetivo de
ésta, es lograr un buen estado ambiental del medio marino, y la herramienta para
alcanzar esta meta es llevar a cabo una planificación coherente de las actividades que se
practican en el mismo (BOE, 2010). Tradicionalmente, las medidas de gestión de
actividades han sido sectoriales y no han sido desarrolladas medidas de gestión
integradas. La Planificación Espacial Marina (PEM, o MSP por sus siglas en inglés),
debe seguir un proceso público para analizar y localizar la distribución espacial y
temporal de las actividades humanas, para alcanzar los objetivos ecológicos,
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económicos y sociales especificados a través de un proceso político (Ehler & Douvere,
2009; European Commision, 2008b). Existen diferentes tipos de estudios basados en la
PEM, orientados a diferentes temáticas del medioambiente marino, tales como estudios
dirigidos a la acuicultura y pesquerías (Fock, 2008; Nath et al., 2000), valoración de los
hábitats y gestión de recursos (Day et al., 2008; Galparsoro et al., 2009a; Stanbury &
Starr, 1999), estudios dirigidos a la gestión de los usos humanos en medio marino
(Flannery & Ó Cinnéide, 2008) y proyectos de extracción de energía marina
(Galparsoro et al., in press-b; Galparsoro et al., 2008c; Prest et al., 2007); pero también
y no menos importante, aspectos relativos a la gobernanza (Foley et al., 2010; Ng'ang'a
et al., 2004) y el uso de los GIS en la implementación de la PEM (Meiner, 2010).
La aplicación de estos conceptos será de especial importancia para la gestión de
nuevos usos que se prevén a corto plazo, tales como la producción de energías
renovables o el incremento de la acuicultura offshore. En este sentido, el Plan de Acción
Nacional de Energías Renovables (PANER, 2010), prevé comenzar la producción de
energía de fuentes marinas en un futuro próximo con un objetivo operacional del
incremento de producción de energía eólica marina de 750 MW anuales hasta 2020 y
con el condicionante técnico de estar instalados a menos de 50 m de profundidad
(PANER, 2010). En cuanto a la producción de energía proveniente del oleaje, no se
establecen objetivos operacionales debido al incipiente desarrollo tecnológico de este
tipo de sistemas. Aún así, ya se han comenzado a dar pasos significativos en la
selección de ubicaciones propicias para la instalación de captadores de energía del
oleaje y, más concretamente, en el País Vasco ya ha sido seleccionada una zona para el
desarrollo de plataformas de pruebas de producción eléctrica con este tipo de
tecnologías (Bimep; Biscay Marine Energy Production;
www.eve.es/energia_marina/index_cas.htm) (Bald et al., 2010b).
Por otro lado, el plan Director de Acuicultura para el País Vasco, marca los
objetivos de desarrollo de este sector, con objetivos definidos de producción e inversión
para el año 2013, en la zona marina hasta las 2,5 millas náuticas (Mendiola et al., 2008).
Por tanto, se prevén nuevos usos y nuevos agentes en el medio marino que,
previsiblemente, provoquen problemas de compatibilidad entre diferentes tipos de usos
y generen nuevas presiones cuyos impactos son aún desconocidos (Maes, 2008),
dificultando el desarrollo sostenible de los mares. En este sentido, la cartografía de
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fondos y los mapas de hábitats, pueden tener un papel importante en la selección de
ubicaciones propicias para la ejecución de un determinado uso; mientras que la
valorización de bienes y servicios ecosistémicos, puede dar respuesta acerca de la
compatibilidad de dicho uso respecto a la conservación o la sostenibilidad del recurso.
Pero, además de eso, también es necesario considerar los usos presentes y futuros y
aspectos de gobernanza, a la hora de minimizar las incompatibilidades de usos para
alcanzar un uso coherente de los recursos marinos. Por tanto, considerando el contexto
actual y los usos futuros, la PEM puede convertirse en una herramienta de gran valor
para la Gestión Integrada de la Zona Costera (Douvere & Ehler, 2009b; Stelzenmüller et
al., 2010).
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Objetivos
A la vista de los nuevos retos de la investigación marina, expuestos en la
Introducción, y, en gran medida, motivado por las necesidades de conservación y
gestión racional de los usos y los recursos, articuladas a través de diversas legislaciones
europeas, el objetivo de la presente Tesis Doctoral es profundizar en el conocimiento de
los aspectos geomorfológicos, los procesos y la distribución de los hábitats bentónicos
en la plataforma continental vasca, mediante el empleo de técnicas de muestreo remotas
y de modelización de hábitats. Para ello, se utilizarán herramientas poco o nada
utilizadas en la costa española hasta ahora, como el análisis integrado de datos
obtenidos con técnicas remotas (ecosonda multihaz, LiDAR topográfico y batimétrico)
y métodos de modelización de hábitats. Los resultados obtenidos deben servir para
establecer las bases de conocimiento para la implementación de varias directivas
europeas (Directiva Hábitats, Directiva de la Estrategia Marina Europea, etc.) y para
establecer las bases de una Planificación Espacial Marina de la costa vasca basada en
los ecosistemas.
Para alcanzar dicho objetivo, se definieron los siguientes objetivos
operacionales:
1. Caracterizar el lecho marino de la plataforma continental vasca, hasta los
100 m de profundidad, infiriendo los procesos responsables de generar las
estructuras morfológicas presentes, y producir un mapa morfosedimentario.
2. Caracterizar los hábitats rocosos y sedimentarios, basándose en los aspectos
geomorfológicos y las comunidades biológicas, y producir un mapa de los
hábitats bentónicos.
3. Producir un modelo de hábitat de sustrato sedimentario basado en los
procesos; para ello:
a. se identificarán los parámetros oceanográficos y sedimentológicos que
determinan la composición de especies y se ajustarán a un modelo de
hábitats, y
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b. se analizará el significado ecológico del modelo de hábitat propuesto a
través del análisis de los parámetros estructurales de las comunidades y las
estrategias de supervivencia de las especies macrobentónicas, y
c. se producirá un mapa de hábitat bentónico basado en procesos.
4. Definir las principales características morfológicas del fondo, junto con las
condiciones de energía del oleaje, y establecimiento de la distribución
geográfica del hábitat de una especie de interés comercial a través de la
aplicación de la modelización del hábitat idóneo del bogavante europeo
(Homarus gammarus), basándose en la información generada a partir de los
objetivos 1 a 3.
5. Identificar las zonas más adecuadas para la instalación de convertidores de
energía del oleaje en la plataforma continental vasca, mediante el empleo de
conceptos de la Planificación Espacial Marina, basándose en la información
generada a partir de los objetivos 1 a 3.
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Material y métodos
Características de la plataforma continental vasca
La zona de estudio es parte de la plataforma continental vasca, desde el límite
supramareal hasta los 100 m de profundidad, y cubre una superficie aproximada de
1.096 km2. La longitud total de la costa es aproximadamente de 150 km (Pascual et al.,
2004) y limita con Francia en su vertiente oriental (1º46’50’’ O) y la comunidad
autónoma de Cantabria en su vertiente occidental (3º9’13’’ O) (Figura 1).
Marco geológico
La plataforma continental del mar Cantábrico está caracterizada por su
estrechez; en el País Vasco oscila entre los 7 km, frente a cabo Matxitxako, hasta los 20
km enfrente de Orio (Uriarte, 1998). Los eventos tectónicos durante el Paleoceno y el
Eoceno, junto a la orogenia Alpina del Terciario, han resultado en la deformación del
margen Cantábrico (Ercilla et al., 2008); y por ello, la plataforma continental está
dominada por morfologías estructurales.
Las unidades geológicas que componen el litoral vasco corresponden
principalmente al Cretácico y al Terciario, representando aproximadamente el 59% y
41% de la longitud de la costa, respectivamente. La línea de costa es irregular, y el 90%
de la misma corresponde a acantilados o sustrato rocoso, mientras que las zonas de
playa sólo cubren el 10% de la longitud total de la costa. Los acantilados están siendo
erosionados constantemente por la acción persistente del oleaje, especialmente fuerte en
esta área (González et al., 2004). Por ello, a lo largo de largas secciones de la línea de
costa existen plataformas de abrasión bien definidas.
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Figura 1. Carta náutica producida por el Instituto Hidrográfico de la Marina Española correspondiente a la zona de estudio.
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La disposición de los estratos es un factor importante que controla la
configuración de la costa: cuando la dirección de los estratos es perpendicular a la costa,
se favorece la formación de bahías; cuando es paralelo al frente del acantilado, la costa
es rectilínea con una plataforma de abrasión bien definida (Portero et al., 1991). Este
proceso ocasiona el desarrollo de islas e islotes; las cuales pueden permanecer
emergidas o sólo emerger en bajamar. El número de islas e islotes en la costa vasca
supera las 100 y llegan a cubrir aproximadamente el 8% de la longitud total de la costa.
La plataforma interna está cubierta casi en su totalidad por un cinturón continuo
de roca que constituye una extensión de los acantilados continentales y que se
componen principalmente de calizas y margas, con areniscas y arcillas intercaladas
(flysch). La continuidad de este sustrato rocoso está interrumpida regularmente por la
presencia de bocanas de ríos y estuarios (Rey & Medialdea, 1988).
Clima marítimo
El clima marítimo de la costa vasca está relacionado principalmente con su
localización en el golfo de Vizcaya y en la zona NE del Atlántico (González et al.,
2004). En relación a su localización y orientación, esta parte de la costa está expuesta a
grandes tormentas del NO, producidas por la evolución de los sistemas de bajas
presiones del Atlántico norte. Las grandes olas de tipo swell, provenientes del NO, son
las dominantes y son las que representan el estado de mar más habitual. La onda de
marea es de tipo semidiurno (Uriarte et al., 2004), con rangos de marea de
aproximadamente 1,65 m en mareas muertas y 4,01 m en mareas vivas (REDMAR,
2005). A pesar de la importancia de la fluctuación de la masa de agua inducida por la
marea, la contribución de las mareas a la generación de corrientes es modesta (a
excepción de los estuarios (Uriarte et al., 2004)). Fuera de los estuarios, la corriente de
marea decrece, y las corrientes inducidas por el viento pasan a ser más importantes. Aún
así, éstos son incapaces de generar transporte sedimentario litoral a lo largo de la costa
vasca (González et al., 2004). En términos de aporte sedimentario, la costa vasca está
drenada por 12 ríos principales que aportan 1,57 106 t·año-1 de material en suspensión
(Ferrer et al., 2009; Fontán et al., 2009; Uriarte et al., 2004).
Estudio morfológico y bentónico de la plataforma continental vasca
18
Caracterización del fondo marino con técnicas remotas
Si bien en cada uno de los capítulos se describe detalladamente la metodología
empleada, a continuación se describen las principales técnicas y estrategias de muestreo
empleadas en el desarrollo de la investigación realizada en esta Tesis Doctoral.
Gran parte del esfuerzo de muestreo se ha centrado en el empleo de técnicas de
detección remota que permiten obtener información relativa a las características del
lecho marino. En la Figura 2, se muestra, de forma conceptual, el modo de operar de
cada una de las técnicas empleadas y el rango de alcance o aplicación de las mismas,
cuando se pretende obtener información con cobertura completa desde la zona
supramareal hasta la zona submareal.
Figura 2. Modelo conceptual del modo de operar y alcance de cada uno de los sensores remotos
empleados.
A partir de 2005, y en el transcurso de los siguientes 4 años, se efectuó, con una
ecosonda multihaz, el levantamiento batimétrico de alta resolución de toda la
plataforma continental interna y media, en el rango de profundidades entre
aproximadamente 5 m y 100 m y una superficie cartografiada equivalente a 1.096 km2.
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Para ello, fueron necesarios 181 días de muestreo y más del doble de días para el
procesamiento de los datos. Tal y como se describe en Galparsoro et al. (2007a), los
trabajos fueron realizados con dos modelos diferentes de ecosonda multihaz pero que
presentan características técnicas similares (SeaBat8125 y SeaBat7125 (RESON, 2002,
2006)). La mayor parte del trabajo fue realizado con el modelo Seabat7125 (que
sustituyó al modelo anterior SeaBat8125). Se trata de un sistema de ecosonda multihaz
enfocado de alta resolución, con frecuencia de operación de 400 kHz, y consta de un
total de 256 haces en un sector angular de 130º (Figura 3).
Figura 3. Modelo conceptual del modo de
funcionamiento de la sonda mulithaz (Fuente: NIWA).
La energía acústica emitida tiene la forma de un pulso con forma de lóbulo, muy
estrecho a lo largo del transecto (0,5º) y ancho en dirección perpendicular (130º). Por el
contrario, la recepción de la señal acústica se realiza con un ángulo de 1º en dirección al
transecto; obteniéndose, como resultado, una huella acústica muy pequeña. Esta
resolución es la que marca la capacidad de detección de objetos sobre el lecho marino
(resolución horizontal). La frecuencia máxima de emisión y recepción es de 50 Hz y la
resolución vertical es de 6 mm. Debido a la capacidad del sistema de registrar una alta
densidad de los datos, en el transcurso de la campaña se adquirieron más de 2,5 Tb de
información y pudo generarse un modelo digital de elevaciones de 1 metro de
resolución horizontal.
En el transcurso de dicho levantamiento batimétrico, se trató de alcanzar
sistemáticamente la profundidad mínima de -5 m pero en algunas zonas no se pudo
alcanzar dicha cota, debido a aspectos relativos a la seguridad en la navegación.
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Algunas de estas zonas fueron posteriormente cartografiadas mediante la técncia de
LiDAR batimétrico (Light Detection And Ranging por sus siglas en inglés). En junio
de 2008 y enero de 2009 se efectuaron los levantamientos altimétricos (topográficos y
batimétricos) de la zona estuárica y costera de la Reserva de la Biosfera de Urdaibai
(Bizkaia) y la zona costera de Gipuzkoa mediante el LiDAR batimétrico Hawk Eye MK
II (Chust et al., 2010c; Galparsoro et al., 2009c). Este sensor aerotransportado opera en
dos bandas espectrales: el láser topográfico en longitudes de onda de 1.064 nm
(infrarrojo), que es empleado para la medición altimétrica del suelo terrestre, y un láser
hidrográfico que opera a 532 nm (verde), el cual permite la medición de la elevación del
suelo sumergido. El sensor adquiere simultáneamente una frecuencia de pulsación de 4
kHz en batimetría y de 64 kHz en topografía (Chust et al., 2010b; Galparsoro et al.,
2009b). A partir de dicha información se generó un modelo digital de elevaciones de 2
metros de resolución horizontal que posteriormente se integró con el modelo digital de
elevaciones obtenido con la ecosonda multihaz.
Figura 4. Modelo conceptual del modo de operación
de un LiDAR batimétrico (Fuente: USGS).
La información geológica subsuperficial se obtuvo mediante la técnica de
sísmica de reflexión continua, empleándose un sistema GeopulseTM (Galparsoro et al.,
2010). Fueron realizadas dos campañas; una de ellas en la zona próxima a Pasajes en
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2007 (Galparsoro et al., 2007c) y la otra, en la zona exterior del puerto de Bilbao en
2008 (Galparsoro et al., 2008b).
Datos adicionales
Además de la información puramente cartográfica obtenida mediante sensores
remotos y que ha sido descrita en el apartado anterior, se emplearon datos
correspondientes a las características sedimentológicas y macrobentónicas del
sedimento obtenidas con técnicas in situ. Se generó una base de datos georeferenciada
con los datos de las muestras obtenidas por AZTI hasta 2009. Del análisis del conjunto
de datos disponibles, se observó la falta de información de características
sedimentológicas y organismos bentónicos en determinadas áreas de la plataforma
(principalmente en las zonas más profundas) y se estableció la necesidad de obtener
nuevas muestras. La selección de los nuevos puntos de muestreo se basó en el criterio
de obtención de muestras de zonas de sustrato sedimentario en las cuales no existía
información previa, o en aquellas zonas en las que la interpretación de la información
obtenida con la ecosonda multihaz (batimetría, morfología y reflectividad), indicaban
variaciones significativas del sustrato y no existía información previa que permitiera
caracterizar esos tipos de fondo. En 2009 se obtuvieron 78 muestras de sedimento que
pudieran permitir la caracterización de zonas con limitada información previa. Con todo
ello, se inventariaron un total de 2.323 muestras de sedimento correspondientes al
periodo comprendido entre 1983 y 2010, de los cuales 428 contenían información
relativa a macrobentos (Borja et al., 2004c; Galparsoro et al., in prep; Galparsoro et al.,
in press-a; Galparsoro & Sagarminaga, 2010).
Los datos hidrográficos provienen de los perfiles de CTD realizados en 21
estaciones de monitorización muestreadas en primavera, verano, invierno y otoño desde
1998 al 2009 en el marco del proyecto de la Red de Monitoreo del Estado Ecológico
que AZTI-Tecnalia realiza para la Agencia Vasca del Agua (Borja et al., 2009a). Los
datos fueron filtrados y se emplearon los correspondientes a la zona más cercana al
fondo marino.
En cuanto a las condiciones climáticas del oleaje, fueron extraidas de los
registros de la boya oceanográfica Bilbao-Vizcaya de Puertos del Estado (periodo 1990
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- 2006) (Puertos del Estado, 2007) y la distribución del oleaje a lo largo de la plataforma
continental, se calculó a través de la modelización numérica (SMC, 2002).
Para el análisis del hábitat idóneo del bogavante, se registraron datos de
captura de bogavante obtenidos a partir de 17 lances de líneas de nasas ubicadas entre
el litoral de San Sebastián y Pasajes. Para cada una de las líneas, se registró mediante
GPS, la posición inicial, media y final (Bald et al., 2009). Los detalles metodológicos se
detallan en el Capítulo IV.
Trabajo de gabinete: integración de datos y modelización de hábitats
La necesidad de integración de datos de diferente naturaleza y el carácter
típicamente geográfico de los datos señalados anteriormente, demandaba un tratamiento
que contemplara su dimensión espacio temporal. Los Sistemas de Información
Geográfica (o GIS por sus siglas en inglés), constituyen una herramienta especialmente
adaptada a las necesidades planteadas anteriormente (Galparsoro & Sagarminaga, 2010;
Rodríguez et al., 2009; Wright & Heyman, 2008). Estos sistemas engloban una serie de
herramientas software y hardware que realizan las funciones de gestión de datos
cartográficos, gestión de bases de datos geo-referenciados, consultas, representaciones
gráficas y cartográficas, análisis estadísticos y espaciales. Por tanto, queda vigente la
estrecha relación entre la cartografía de hábitats y los GIS.
Para el desarrollo del modelo de distribución del hábitat del bogavante se
empleó el Análisis Factorial del Nicho Ecológico (Hirzel et al., 2002). Este método es
particularmente ventajoso, entre otros, porque solamente requiere de datos de presencia
de la especie de estudio (Hirzel et al., 2002); tal y como era el caso de la presente
investigación. El método reduce el total de las variables ambientales a aquellas que
explican la mayor parte de la varianza total y establece la relación entre las mismas. El
resultado indica la Marginalidad y la Especialización de la especie de estudio. La
primera hace referencia a la distancia ecológica entre el hábitat óptimo de la especie y
las características medias de la zona de estudio; mientras que la segunda, hace
referencia a cuán restrictiva es la especie objetivo en cuanto al rango de condiciones que
puede soportar.
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Por otro lado, para generar el modelo de hábitat por procesos, se empleó el
modelo de hábitats basado en procesos desarrollado por Kostylev y Hannah (2007), el
cual se basa en las teorías ecológicas clásicas que relacionan las estrategias de
supervivencia de las especies con las propiedades ambientales y permite transformar
mapas del ambiente físico en mapas de hábitats bentónicos.
Planificación Espacial Marina
La Planificación Espacial Marina (PEM o MSP por sus siglas en Inglés), es un
proceso público de análisis de ubicación espacial y temporal de la distribución de las
actividades humanas en medio marino para alcanzar los objetivos ecológicos,
económicos y sociales, y que generalmente, se especifican a través de un proceso
político (Douvere, 2008; Douvere & Ehler, 2009a; Ehler & Douvere, 2009; Pomeroy &
Douvere, 2008). Por otro lado, Foley et al. (2010) definen la PEM ecosistémica como
un marco de planificación integral que informa de la distribución espacial de actividades
en el océano para mantener los usos actuales y futuros de los ecosistemas oceánicos y
mantener la producción de servicios ecosistémicos de valor a las generaciones futuras
de manera que se alcancen los objetivos ecológicos, económicos y sociales.
Teniendo en consideración dichos conceptos, y con el objeto de desarrollar un
Índice de Idoneidad para la instalación de captadores de energía del oleaje, se
inventariaron las actividades y sectores (Ehler & Douvere, 2009), más significativos en
el medio marino del País Vasco y delimitó su distribución geográfica a lo largo de la
plataforma continental. El inventario de las fuentes fue diverso y se especifica
detalladamente en el Capítulo V. Los sectores que pudieran afectar de alguna manera a
la instalación de captadores de energía del oleaje se clasificaron en técnicos,
medioambientales y socio-económicos (Nobre et al., 2009). A través de una fórmula
desarrollada a tal fin, se operó entre los factores para calcular, y representar
cartográficamente, la distribución geográfica de la idoneidad para la instalación de
captadores de energía del oleaje en la plataforma continental vasca.
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Resultados
En los siguientes capítulos, se sintetizan los principales resultados obtenidos en
el desarrollo de la presente Tesis Doctoral, y la implicación de los mismos para la
Gestión Integrada de la Zona Costera y la Planificación Espacial Marina.
En el Capítulo I se describen las características morfosedimentarias de la
plataforma continental vasca, a través de la integración y el análisis de los registros
obtenidos mediante ecosonda multihaz, LiDAR topográfico y batimétrico, sísmica de
reflexión y muestras de sedimento superficial. Los resultados que se muestran en este
capítulo marcan la base de conocimiento para las siguientes fases de la investigación.
A partir del mapa morfosedimentario descrito en apartado anterior, e integrando
la componente biológica, en el Capítulo II, se describen los hábitats rocosos y
sedimentarios más característicos de la plataforma continental.
El siguiente paso fue producir un modelo de hábitat sedimentario basado en
procesos y que se describe en el Capítulo III. Este enfoque consiste en la generación
de un modelo de hábitat con significado ecológico; que relaciona la estructura de las
comunidades macrobentónicas y las estrategias de supervivencia de las especies con las
propiedades ambientales.
En el Capítulo IV, se describe el uso de un modelo de hábitat monoespecífico
para predecir el hábitat idóneo del bogavante europeo (Homarus gammarus) con el
empleo del Análisis Factorial del Nicho Ecológico. En este capítulo se describe un
método científico para la identificación de las características morfológicas del fondo,
junto a las características de energía del oleaje, que determina la presencia del
bogavante, y predice los hábitats idóneos a lo largo de un sector de la plataforma
continental vasca.
Este enfoque demuestra la aplicabilidad de las técnicas de modelización de
hábitats en casos de estudio en los que sólo se dispone de información de presencia de
la especie objetivo y su empleo para cubrir necesidades de conservación o de gestión,
como recurso, de dicha especie.
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En el Capítulo V, se describe un método desarrollado para la selección de
ubicaciones más adecuadas para la instalación de captadores de energía del oleaje
y que está basado en conceptos de la Planificación Espacial Marina. En este capítulo
se propone (i) un método para el cálculo de un Índice de Idoneidad para la selección de
ubicaciones aptas para la instalación de captadores de energía del oleaje en un futuro
próximo; (ii) se genera un mapa que representa la distribución espacial de dicho Índice
que pueda permitir a los gestores la selección de ubicaciones tratando de minimizar
conflictos entre usos, y (iii) se calcula la energía potencial accesible a lo largo de toda la
plataforma continental. Este capítulo constituye una aplicación práctica de la
información obtenida en el transcurso de la caracterización, mapeo y modelización de
los hábitats de la plataforma continental vasca.
Posteriormente, en el apartado de Discusión, se determina el hilo conductor de
cada capítulo y la contribución de los resultados para una adecuada Planificación
Espacial Marina de la costa vasca; y finalmente, se extraen las principales Conclusiones
de la Tesis Doctoral, en relación a los objetivos propuestos.
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1. Introduction
With the introduction of high-resolution mapping systems, such as the
multibeam echosounder (MBES) in the 1990´s (Hughes Clarke et al., 1996) or the
bathymetric LiDAR (Finkl & Andrews, 2009; Irish & Lillycrop, 1999), new
information has been available on seafloor characteristics. The analysis of the MBES
data results in the generation of bathymetric models and acoustic backscatter mosaics.
Such data can be used to derive the spatial distribution of seafloor relief (with
derivatives, such as slope and rugosity), together with bottom type and composition
(Fonseca et al., 2009). Such information, in terms of bathymetry, seafloor type
distribution and geomorphology, is a valuable source of information for: (i) the
description of seabed processes and morphology (Finkl et al., 2008; Hernández-Molina
et al., 2008; Hovland, 2003); (ii) habitat mapping (Brown & Blondel, 2009; Kostylev et
al., 2001; Orpin & Kostylev, 2006; Ryan et al., 2007; Wilson et al., 2007); (iii) the
distribution of benthic biodiversity (Baptist et al., 2006; Thrush et al., 2006; Zajac,
2008); (iv) ﬁsh species richness (Pittman et al., 2007); (v) the economic importance of
species management (Galparsoro et al., 2009a; Kostylev et al., 2003; Lucieer &
Pederson, 2008); and, subsequently, (vi) the understanding of benthic ecosystems.
Recently, such information has been used for: (i) Integrated Coastal Zone Management
(ICZM) (Borja et al., 2008b); (ii) the morphological long-term development of dredged
material disposal (Cooper et al., 2007; Marsh & Brown, 2009); (iii) the designation and
management of marine protected areas (Harris et al., 2008); and (iv) marine spatial
planning (Campbell & Hewitt, 2006; Pickrill & Todd, 2003). In particular, new uses of
the marine environment (e.g. wind farms, marine protected areas or aquaculture) have
triggered a pragmatic approach to the development of marine spatial planning (Douvere
& Ehler, 2009b).
The study of the seafloor geomorphology and seascapes, within the Iberian
Peninsula, has been undertaken under different perspectives: geological and
geomorphological maps of Spain and the continental margin (IGME, 2005); the Prestige
oil-spill area (Llave et al., 2008; Vázquez et al., 2008); seascape-shaping mechanisms
(Amblas et al., 2006); morphosedimentary features (Ercilla et al., 2008); identiﬁcation
of sedimentary features, associated with river discharges (Liquete et al., 2007; Lobo et
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al., 2006); or rifting (Muñoz et al., 2008). In turn, high quality information on the
geology, geomorphology and seafloor characteristics of the southeastern part of the Bay
of Biscay (incorporating the Basque continental shelf) is scarce, even absent. Hence,
since the ﬁrst bathymetric charts were produced by the Spanish Marine Hydrographical
Institute, in the late 1960´s, only limited research has been undertaken within this
region. In the early 1990´s, seafloor characterisation was undertaken to locate and
characterise sand banks for beach nourishment purposes (Iberinsa, 1990, 1994). This
investigation used side-scan sonar, seismic reﬂection techniques, surﬁcial grab samples
and vibro-core samples. In 2000, in response to an increasing interest in the
characterisation of ﬁshing site biotopes, studies were carried out for the Department of
Agriculture and Fisheries, of the Basque Government (Galparsoro, 2005). These studies
provided an initial approach to seafloor classification, using the Acoustic Seafloor
Discrimination System, RoxAnnTM and side-scan sonar. Other similar studies were
carried out, for different purposes, such as: dredged material disposal sites
characterisation; urban waste water outfalls inspection; submarine archaeology; and
harbour's depth of water management. Finally, in 2008, an overall map of the surface
sediment distribution of the Basque continental shelf was produced (Jouanneau et al.,
2008) on the basis of grab sample data.
Hence, the objectives of the present investigation are: (i) to describe, in an
integrative way and at very high-resolution, the main representative geomorphology,
seafloor features and submarine seascapes of the Basque continental shelf; and (ii) to
infer the processes generating such features. The knowledge generated by this
investigation is high quality information to assist in integrated coastal zone management
and decision-making for different European Directives, such as: ICZM decisions; the
Habitats Directive; the Water Framework Directive (WFD, (Borja, 2005); the Marine
Strategy Framework Directive (MSFD, (Borja, 2006)); and the NATURA2000
Network.
2. Study area
The study area is located on the continental shelf of the Basque Country coast, in
the southeastern part of the Bay of Biscay (Figure 5). The total length of this section of
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the coast is c.a. 150 km. The Cantabrian Sea continental shelf is characterised by its
narrowness; in the Basque Country, it ranges from 7 km off Matxitxako Cape, to 20 km
off the Oria River estuary (Uriarte, 1998) (Figure 5).
2.1. Oceanographic setting
The maritime climate along the Basque coast is related mainly to its location
within the Bay of Biscay and the NE Atlantic (González et al., 2004). In relation to its
location and orientation, this part of the coast is exposed to large storms from the NW,
produced by evolution of the North Atlantic low pressure systems. Strong NW swell
waves dominate and are the most common sea state within the study area. During
summer, with the extension of the Azores high pressure system, the North Atlantic low
pressure formation sequence slows down, as its intensity lessens. The data used to
describe the offshore wave climate affecting the study area have been obtained from the
Bilbao offshore buoy Boya de Bilbao-Vizcaya (Puertos del Estado, 2007). On the basis
of these data, Liria et al. (2009) summarised the wave climate as described below (see
Figure 1, in Supplementary Material I).
(i) Summer (June-August): Wave periods of under 10 s over 75% of the time,
with representative wave heights of 1.5 m, exceeding 2 m within less than 10% of the
measurements.
(ii) Winter (December-February): High wave periods (i.e. 13 sec), with wave
heights greater than 2 m over more than 50% of the time.
(iii) Spring and autumn are transitional periods, with intermediate
characteristics.
(iv) Under extreme offshore wave conditions, signiﬁcant wave heights can
exceed 5 m (several times a year) and, occasionally, 10 m (with return periods of 20
years).
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Figure 5. Study area location, within the Bay of Biscay. Available geological and geomorphological information in the terrestrial area (modiﬁed
from (EVE, 2003; Pascual et al., 2004)); the black dots represent the positions of the collected grab samples.
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The tidal wave is semi-diurnal in character within the Bay of Biscay (Uriarte et
al., 2004). Along the Basque coast, the mean tidal range is approximately 1.65 m on
neap tides and 4.01 m on springs (REDMAR, 2005). Despite the importance of tidally-
induced surface water ﬂuctuations, the contribution of the tides to the generation of
currents is somewhat modest (except within the estuaries) (Uriarte et al., 2004). Away
from the estuaries, the tidal currents decrease, with water circulation being governed
mainly by wind forcing ﬂuctuations, over a wide range of meteorological frequencies,
within the surface and sub-surface waters (Fontán et al., 2009; Fontán et al., 2008);
however, even these are incapable of generating littoral sediment transport along the
Basque coast (González et al., 2004).
In terms of sediment supply, the Basque Country is drained by 12 main rivers,
which discharge 1.57 106 t·yr−1 of suspended material (Ferrer et al., 2009; Uriarte et al.,
2004). The geomorphological and hydrological characteristics of the Basque estuarine
water bodies are described in Valencia et al. (2004) and Borja et al.(2006).
2.2. Geological framework
Tectonic events during the Paleocene and Eocene, together with the Tertiary
alpine orogeny, have resulted in deformation of the Cantabrian margin (Ercilla et al.,
2008). The entire Basque coastline is located within the Basque Arc domain, including
the following regions (or structures), ranging from north to south (Feuillée & Rat,
1971): (i) the monocline of Zumaia, or San Sebastián, which occurs on the Basque coast
at Zumaia and extends towards the east; (ii) an anticline to the north of Biscay; (iii) in
the western part, the syncline of Bizkaia, which extends along the extensive layer of
marbles; and (iv) the anticline of Bilbao Figure 5). There are reverse folds and faults
(e.g. the fault of Bilbao), which form the southern boundary of the Basque Arc (for
details, see Figure 5).
Structural features dominate the morphology of the continental shelf. Horsts and
anticlines, found generally in Cretaceous rocks, form areas starved of soft Neogene
sediments. Faults and synclines, ﬁlled with Tertiary materials, underlie sandy
depressions (Pascual et al., 2004). The outer section of the continental shelf is a
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sedimentary Neogene and Pleistocene prism, developed by progradation (Boillot et al.,
1984).
3. Material and methods
The data set analysed in the present study was acquired within the framework of
a seafloor characterisation and marine habitat mapping programme, which commenced
in 2004 (Galparsoro et al., 2008a). This investigation integrates different remote sensing
techniques, such as MBES (operating from approximately 10 to 100 m water depth),
topographic LiDAR (terrestrial land to mid-intertidal zone), bathymetric LiDAR (up to
20 m water depth), and aerial photography (Chust et al., 2007; Chust et al., 2008), to
cover a continuum from land to deep water environments. At the same time, a Marine
Biodiversity Observatory was established by the Basque Government, where
sedimentological, pollutant and biological data are collected and integrated into a
Marine Spatial Data Infrastructure (Borja et al., 2007; Sagarminaga et al., 2007).
3.1. Multibeam echosounder bathymetric data
A ship-borne MBES survey was carried out between 2005 and 2008.
Bathymetric and seafloor backscatter information were acquired, using high-resolution
SeaBat 8125 and SeaBat 7125 MBESs (RESON, 2002, 2006); however, most of the
work was carried out using the latest SeaBat 7125 system. The operational frequency of
the system was 400 kHz, producing 256 beams, in a 128º angle swath with a system
depth resolution of 0.006 m. The beam width is 0.5º along-track and 1º across-track,
producing very small footprints; these, in turn, result in high horizontal resolution
Digital Elevation Models (DEM). Incorrect depth values were ﬁltered and tidal
correction was applied. As a result, 1 m horizontal resolution DEM was produced.
“Snippet” and “pseudo side-scan sonar” non-calibrated backscatter signals were also
recorded, together with bathymetric information. Detailed information on the
methodology can be found in Borja et al. (2008b) and Galparsoro et al. (2009a). Taking
into account the limitations of backscatter intensity in quantifying and predicting
seafloor composition, such a property was used to determine relative differences in
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seafloor sediment types (Amblas et al., 2006; Brown & Blondel, 2009; Collier &
Brown, 2005; Medialdea et al., 2008). Seafloor classification was carried out on the
basis of acoustic and morphological facies, together with collated sediment data.
‘Seafloor-type’ signatures were extracted, in order to deﬁne the seafloor types that could
be identified using MBES records.
3.2. Topographic and bathymetric LiDAR elevation data
The digital elevation model used herein was obtained on the basis of a
topographic survey of the entire province of Gipuzkoa (1909 km2, in the eastern part of
the Basque Country) in 2005 (from January to May) and using Light Detection and
Ranging (LiDAR), carried out by the Local Government of Gipuzkoa (Diputación Foral
de Gipuzkoa). The sensor was a laser Optech Airborne Laser Terrain Mapper (ALTM)
3025, which belongs to the Cartographic Institute of Catalonia (Institut Cartogràﬁc de
Catalunya, ICC); it operates at the infrared wavelength of 1064 nm. The aerial ﬂights
were carried out at mid-tide to low-tide (from 0.3 m to 1.6 m below Mean Sealevel, in
Alicante). The 1 m resolution DEM was generated from the LiDAR ground points. It
has a vertical accuracy of 0.15 m RMS, in sparsely vegetated and low slope areas.
Within this study, a ground (bare-earth) DEM was used, i.e. excluding objects such as
buildings, trees, and shrubs. Detailed information on the methodology is described in
Chust et al. (2008).
On the other hand, very shallow water bathymetric data acquisition was
undertaken using the HawkEye MK II airborne bathymetric LiDAR (ALB) system,
along the Gipuzkoan coast. This technique consists of two laser scanners: one green
(532 nm), used for capturing the bathymetric data; and one red, for the topographic data
(1064 nm). The data capture phase was completed in 2008 and 2009; this covered a
total surface area of 28.3 km2. The ﬂying height for the survey was 400 m, whilst the
ﬂight speed was some 150 knots. The pulse repetition rate for the bathymetric LiDAR
was 4 kHz effective and 1 kHz nominal, allowing for an horizontal spot density of 4 m.
Vertical accuracy (i.e. RMSE), compared to known points from the existing survey, was
of the order of ± 0.25 m. Detailed information on the methodology is described in Costa
et al. (2009).
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3.3. Sub-surface geological information
Sub-surface geological information was provided on the basis of high-resolution
seismic proﬁles, recorded with a Uniboom system (GeopulseTM: 200 J, with a shot delay
of 500 ms, together with a recording scale of 200 ms). High-frequency ﬁlters were
applied, within the range of 700–2000 Hz. The surveys were carried out within the
mouths of the two major estuaries. In the area of Pasaia, 107 km of proﬁles were
registered, with 150 m distance between the tracks, in April 2007 (Galparsoro et al.,
2007b). A second survey was carried out in the Nervión estuary mouth, in February
2008, with 125 km of linear proﬁles recorded, forming a grid with 250 m spacing
(Galparsoro et al., 2008b) (see Figure 5, for survey locations).
3.4. Surﬁcial sediment data
A total of 2323 grab samples, corresponding to the period from 1983 up to the
present, were collated (Figure 5), most of them obtained within the marine monitoring
network of the Basque Country (see Borja et al. (2004b)). During this period, sediment
analysis was carried out using dry sieving method and Laser Diffraction Particle Size
Analyser (LDPSA). In order to homogenise both data sets, a transformation was applied
to the results obtained with LDPSA, to refer all data to the results obtained by dry
sieving (Rodríguez & Uriarte, 2009). Finally, data were formatted into a GIS format.
Moreover, 78 new grab samples were collected during the spring of 2009 in those areas
where a spatial gap of sedimentological information was identified or in areas where
singular morphologies were identified with MBES records and no sedimentologial data
were available. Sedimentological data were integrated into the GIS, and a spline-with-
barriers interpolation algorithm was applied.
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4. Results
A 1 m horizontal resolution bathymetric elevation model and seafloor
characterisation was obtained, for a total area of 1096 km2 (Figure 6a and
Supplementary Material I from Figures 2 and 7). The seafloor classification obtained by
means of morphology and MEBS backscatter interpretation resulted in: (i) sedimentary
seafloor, covering 35% of the surface (Figures 7a to 7d), where a sub-classification was
undertaken by differentiating between sedimentary cover and sorted bedforms (43 km2
out of the 383 km2); (ii) mixed rock and sediment seafloor (49% of the total) (Figures
7e and f; and 8a and b); (iii) rocky seafloor (14% of the total) (Figures 8c and d); and
(iv) areas of dredged material disposal (2% of the total, extending over 23 km2) (Figures
8e and f); and other singular structures, such as dredging marks and waste water
disposal sites (Figure 9). For details see Table 1 and Figure 6c, for the seafloor
classification map.
Figure 6. (a) Bathymetry; (b) bathymetric gradient and (c) seafloor type distribution and
geomorphological map.
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Figure 7. Seafloor signatures for each seafloor type, identified by integrating different remote
sensing techniques: (a) sedimentary seafloor with 1 m resolution shaded relief model, in which
sorted bedforms could be identified by the depression they produce; (b) acoustic response of
that features; (c) 0.2 m resolution shaded relief, where mixed medium and coarse sand with
megaripples at 60 m depth are identiﬁable; (d) backscatter signal of the same area; (e) 0.2 m
resolution shaded relief model, with mixed coarse sand and rocky seafloor at 33 m water depth;
and (f) backscatter signal of the same area.
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Figure 8. (a) Very shallow water depth mixed sandy and rocky seafloor, where 1 m resolution
shaded relief is overlapping aerial photography (seafloor feature continuity can be identiﬁed);
(b) ﬂat rocky seafloor at 1 m resolution shaded relief; (c) integrated topographic LiDAR,
bathymetric LiDAR and MBES, on a rocky seafloor (left picture: high rugosity seafloor and soft
or low rugosity rocky seafloor); (d) cliff erosion rock blocks, over rock substrate; (e) 1 m
resolution shaded relief, on sediment disposal area; (f) backscatter mosaic of the same area
(dumped material shows higher backscatter signal).
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Figure 9. (a) 1 m resolution shaded relief, with suction dredging marks, in Bilbao Harbour; (b)
backscatter signal of the same area; (c) submarine outfall. 0.25 m resolution shaded relief; some
elements of the infrastructure could be identiﬁed: (1 to 8) diffusers, (9) submarine outfall, (10)
hard substrate covering and protecting the outfall and (11) ﬁne sand; (d) backscatter signal on
the same area.
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Table 1. Seafloor types and areas divided by physiographic sector (for details, see text and
Figure 10) and for the total surface area.
Seafloor type
Physiographic sector TotalWest Middle East
Area
(km2) %
Area
(km2) %
Area
(km2) %
Area
(km2) %
Sedimentary 43 13 146 33 151 50 340 31
Sorted Bedforms 5 2 22 5 16 5 43 4
Rocky 44 13 47 11 60 20 151 14
Mixed rock and
sedimentary 240 70 216 49 71 23 526 49
Sediment disposal 9 3 7 2 7 2 23 2
Total 341 100 440 100 304 100 1,084 100
4.1. Morphological features
From the MBES and bathymetric LiDAR data, morphological features have
been derived and grouped, taking into account the process that generates them: (i)
erosional features; (ii) depositional features; and (iii) anthropogenically-induced
structures.
4.1.1. Erosional features
4.1.1.1. Rock outcrops
Rock seafloor represents 14% of the area surveyed. In the shallow water zone, a
continuous belt of rock is present, which is intersected only by sedimentary seafloor off
the major estuary mouths. This shallow and highly roughened bedrock is associated
with the coastal topography; it presents a slope of approximately 10%, following an
inﬂexion point at 35-40 m water depth (Figure 6b). In very shallow water, the presence
of large rocky blocks is related to coastal cliff erosion (Figure 8d). The rock strata
present different orientations in relation to the coastline. Over the western part, rock
strata lie mainly perpendicular to the coastline, producing a low slope seafloor: the
presence of coarse sand patches is common between the rock strata. Over the eastern
part, the rock strata lie mainly parallel to the coastline, with a high dip generating a
rectilinear coastline and the presence of cliffs. Farther offshore, the shelf extends with a
milder slope (varying between 1.5% and 2%) and the rock shows lower rugosity. In this
zone, the rock outcrop is overlain by a thin veneer of sand cover, but the structural
features of the underlying rock are still visible. This seafloor type is complex and
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patchy, so it has been deﬁned as a mixed bottom type (Figure 6c and Table 2) here; this
covers 49% of the study area.
Table 2. Sorted bedforms orientation, in relation to wave direction and coastline. For coastal
sectors, see text and Figure 2. Orientation given in degrees, relative to North.
Sorted bedform
axis orientation
Angle between wave
direction and sorted
bedform axis direction
Coastaline
orientation
Ripple
direction
Coastal
orientation to
wave
Coast
sector
22º 118º 88º 145º 57º West
50º 140º 110º 163º 53º Middle
48º 140º 110º 163º 53º Middle
52º 140º 110º 163º 53º Middle
53º 157º 127º 163º 36º Middle
39º 109º 79º 142º 63º East
34º 101º 71º 142º 71º East
32º 101º 71º 142º 71º East
There are several localized zones of rock outcrops. For example, a tower rock
has been identified to seaward of Armintza (see Figure 6c, for location), rising some 40
m above the surrounding seabed and being 130 m in width.
4.1.1.2. Shore terraces
Eight shoreline terraces have been identified on the rocky seafloor,
corresponding to periods of sea-level still-stand, at approx.: -37 m, -52 m, -56 m, -70 m,
-73 m, -75 m, -87 m and -92 m water depth (relative to the Local Datum, which is 2.016
m above Spring Low Tide level) (Figure 10). The shallower terrace is the steepest and
longest and extends continuously along the inner continental shelf (Figure 8c). Above
this water level, the rocky seafloor is very rough and constitutes the shallow rock belt
(as described previously). Shore terraces located deeper are less steep and the rocky
seafloor is more ﬂat, in response to erosion at still-stand periods.
4.1.1.3. Paleo-river channels
The rocky seafloor shows numerous incisions, of various sizes, that correspond
to paleo-river channels. The channels are oriented generally shore-normal and are most
likely associated with geomorphological features of the modern shoreline. More than 40
paleo-channels have been identified within the study area (Figure 2b and c). The paleo-
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channels do not contain any tributaries; they are very sinuous (the sinuosity index of the
channels lay between 0.8 and 0.9), with a S–N orientation; some of them incise across
the entire width of the rocky shelf, up to a water depth of 85 m. The largest paleo-river
channels represent the offshore continuity of the present estuaries, within the sub-tidal
area, being 200 m wide and 5 km long. The paleo-river channels are bifurcated,
indicating different routes corresponding to different periods; at present, most of them
are covered partially by recent sediments.
Figure 10. (a) Water depth frequency histogram for the total digital elevation model over rocky
seafloor; arrows indicate high slope areas, which are representative of the shore borders
location. (b) Depth proﬁle location over rocky seafloor. (c) Extracted depth proﬁle, where
various shore borders are identiﬁable at different water depths.
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4.1.2. Depositional features
The sedimentary seafloor covers 35% of the total surface area. The predominant
grain size was classiﬁed as ﬁne sand (median 2.1 Phi), whilst the mean composition of
all of the samples was: 75% sand, 18% mud and 4% gravel (Figure 11). The mean
organic matter content was 4.1%, 161 mV for redox potential and 35% CO3 content.
The mean grain size was 2.2 Phi over the western part of the continental shelf, 2.3 Phi
over the middle part, and 2.0 Phi over the eastern part.
Figure 11. Folk diagram, including all the collected grab samples.
4.1.2.1. Infra-littoral prograding wedge
Infra-littoral Prograding Wedges (IPW) are present, associated with the mouths
of major rivers. The IPW forms a low-angle slope (0.6º on average), which represents
the infra-littoral prograding environment, extending to a strong break in slope at water
depths of 30-35 m. This water depth corresponds to the mean level of the storm wave
base. To seaward of this break point, a slope (2.10º to 4.4º, depending upon the wedge
front compared with the wave fetch) extends to 40-50 m water depth. Even farther to
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seaward, a decrease in the angle of the slope characterises the slope toe, evolving
seawards to the inner continental shelf.
The seismic proﬁles recorded indicate different deposits of material; amongst
these, the IPW could be identified as a veneer of Holocene deposits, overlying the
coarse-grained deposits (Figure 12). The layer shows low reﬂectivity and homogeneous
material composition. The maximum width observed for this layer was 9 m, at a 30-35
m water depth, near Bilbao; it was observed also that this layer becomes thicker, to
seawards.
Figur 12. Seismic profile record, perpendicular to the longitudinal axis of a sorted bedform.
4.1.2.2. Sorted bedforms
These structures are present as slightly depressed, elongate features, which lie
perpendicular to the isobaths (Figures 6c, 7a, b and 13). The DEM aspect indicates that
the seafloor surface on the sorted bedforms is oriented mainly towards the north;
meanwhile, the surrounding sedimentary seafloor is oriented to the northwest, as a
response to sediment remobilisation by wave action. The sorted bedforms are up to 0.5
m in depth, relative to the surrounding upper shoreface. Most of the bedforms develop
just outside the fair-weather surf zone water depth (20-25 m), up to water depths of 90–
100 m. The largest of the bedforms are around 1650 m in width and 4400 m in length
(Figures 6c and 13). The longitudinal axis is predominantly NE-oriented (22º to 53º)
(Table 2). In terms of the relative direction between the swell wave front (equivalent to
storm waves) and the sorted bedform axis direction, the angles range between 101º and
157º. Meanwhile, the angle between the axis of the sorted bedforms and the coastline
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orientation ranges between 71º and 127º. Sorted bedforms of different shapes have been
identiﬁed, distributed within various parts of the study area (Figures 6c and 13).
Figure 13. Sorted bedforms: (a) shaded relieve, bathymetry and superficial grab sample
positions; (b) bathymetric gradient; (c) seafloor aspect; (d) non-calibrated backscatter mosaic.
In the lower part of the Figure, grab sample photographs are presented, which
correspond to the locations represented in the upper parts of the Figure.
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Within the sorted bedform areas, megaripples have been identiﬁed; these are
long, straight-crested and symmetrical (wave-length = 0.7-1.2 m; height = 0.1-0.25 m).
The crests appear to be well developed, maintaining continuity over some tens of
metres. The megaripples present low undulations, with occasional bifurcation, inferring
their wave-induced origin. The crests are oriented mainly in a SW-NE direction, in
accordance with the direction which lies perpendicular to the predominant waves
(Figures 7a and b).
The grab samples showed a coarser composition and 38.8% CO3, which is
higher than surrounding material, producing higher MBES backscatter response.
Samples collected from the bedform areas showed a mean grain size of 1.25 Phi, 80.3%
of sand, 11.7% of gravel and shell debris, 7.7% of mud, and 3.2% of organic matter.
Video records have indicated that the boundary is sharp between the surrounding ﬁne
sand and coarse sand, inside the bedform area.
4.1.2.3. Morphologic wave closure depth
The water depth limit of signiﬁcant wave energy levels interacting with a sand
bed was determined and mapped, by means of wave-induced seafloor morphology and
bathymetric irregularities identiﬁcation and interpretation (Figure 6c). A mean water
depth value was found to be 19.8 ± 4.4 m (relative to the Alicante Mean Sea Level).
Wave closure depth was dependant upon coastline orientation to wave fetch and
surrounding rock outcrop configuration because the beaches are “pocket type”.
4.1.2.4. Rhythmic surf zone sandbars and troughs
Longshore bars are identified in the bathymetric LiDAR data as crescentic bars
(quarter- moon type patterns, with the horns of the moon facing shorewards), as a result
of the interaction with an alongshore rhythmic circulatory pattern. Water depths vary
between 2 and 4 m and the bars occur from 230 to 250 m from the shoreline; they range
in width from 150 to 230 m. Bar crests in many of the locations follow the 4 m isobath
(referred to Local Datum). It has been observed that single to double longshore bars
(Figure 14), together with troughs associated with the bars, originate as 1.5 m
depressions.
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Figure 14. Surf zone sandbars and troughs, observed from 2 m horizontal resolution
shaded relief, derived from bathymetric LiDAR DEM.
4.1.3. Antropogenic structures
Several artiﬁcial structures have been mapped and characterised: (2) gas
pipelines; an aquaculture water pumping pipeline; (8) dredged material disposal areas
(Figures 8e and f); suction dredging marks (Figures 9a and b); (2) sewage outfalls
(Figures 9c and d); and numerous shipwrecks.
Of the above, in terms of morphology and surface area, the dredged material
disposal areas are the largest anthropogenic seabed alterations. The disposal areas are
easily recognisable on the sedimentary seafloor, lying close to the most important
harbours, in terms of maritime trafﬁc and dredging activity (i.e.. Pasaia and Bilbao). In
some areas, the disposed material completely covers the seafloor, but the settled
disposals show distinctive “ring-like” structures (Figures 8e and f). These features are
usually around 40 m in diameter and 0.5 m in height, in relation to the surrounding
seafloor. The backscatter indicates that such dredged material disposal areas are
characterised by a very heterogeneous seafloor, where very coarse-grained material is
mixed with ﬁne sediments. In contrast, seismic proﬁles show that this disposed material
is located within the surﬁcial part of the sand bank.
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5. Discussion
5.1. Sectors
On the basis of the main geomorphological and morphosedimentary features
mentioned in the previous section, three sectors have been identified within the Basque
continental shelf (Figure 6c), as described below.
(i) Over its western part, the coast has a northwestern orientation, which
coincides with the prevailing wave direction. Major faults and rock strata are NW-
oriented, having a smooth slope (Figure 6b). This sector is characterised by
predominantly rocky substrate (over 80% of the area) (Table 1), except at the mouth of
the Nervión estuary, where sandy sediments inﬁll the paleochannel with thicknesses of
20 m.
(ii) The middle part of the continental shelf receives relatively less wave energy
than the sector described previously, due to the coastal orientation towards the wave
energy direction. Sedimentary deposits cover 35% of the seabed surface and
morphosedimentary bedforms are common features over this sector (Table 1).
(iii) Within the eastern sector, sedimentary seafloor cover represents 54% of the
surface (Table 1). The rocky seafloor is characterised by tectonically-produced
morphologies, paleo-channel incisions and various well-developed shore terraces. Rock
strata lie parallel to the coastline and perpendicular to the prevailing wave direction. A
shallow and very rough rock belt is identiﬁable along the coastline.
The seascapes described for the Basque continental shelf are the result of a
combination of processes, at different temporal and spatial scales. The major
mechanisms controlling the seascape shaping are deemed to be: (i) the present
prevailing wave energy climate; (ii) variations in sea-level, as a response to global
eustatic changes; and (iii) local subsidence and uplift of the continental margin, due to
tectonic activity, related to plate movements (Klingebiel & Gayet, 1995). Such
neotectonic uplift movements have been used to explain aspects of the evolution of the
southern Bay of Biscay margin during the Neogene and Pleistocene (Mary, 1983); they
are responsible for the present morphology of the continental shelf. Moreover, coastal
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rock lithologies (mainly sandstone, calcareous sandstone, limestone, clay, limonites and
marls and marly limestones (EVE, 2003)), have permitted the rapid erosion of the rocky
substrate during sea-level change, throughout the Quaternary; consequently, the
development of the presently identiﬁable seascapes.
5.2. Seascapes on the continental shelf
The disposition of the sedimentary rock strata is an important factor controlling
the coastal and shelf configuration: (i) when the direction of the strata lies perpendicular
to the coastline, the formation of embayments is enhanced and a smooth slope shelf is
present, as described for the western zone; and (ii) when it lies parallel to the cliff front,
the coastline is rectilinear in shape, with well-developed abrasion platforms (Portero et
al., 1991) and a high gradient to seawards, as in the eastern zone. The inner shelf, up to
35-40 m water depth, is covered by an almost continuous belt of rocks, which
constitutes an extension of the rocks of the adjacent continental cliffs (Pascual et al.,
2004). This rock belt has been identified along almost all of the continental shelf,
showing steep slope and high rugosity, which indicates a rapid phase of sea-level rise
(Figure 10 and Figure 15); this could correspond to the Younger Dryas period. This
terrace has been identified throughout almost all of the continental shelf.
The continental shelf is a sedimentary Neogene and Pleistocene prism,
developed by progradation (Boillot et al., 1984). The shelf is covered by sandy
sediments; these, in turn, isolate the exposed rocky areas of the seabed (Rey & Sanz,
1982). Ten major sandbanks have been identiﬁed, which represent the extension of the
present estuaries (Figure 6c) and have been identified as Infra-littoral Prograding
Wedge (IPW). These types of structures have been described for other parts of the
Spanish Atlantic coast by Hernández-Molina et al. (2000). In all cases, a sedimentary
deposit of high reﬂectance has been identified at the base of the IPW, which has been
characterised using sediment core data. This deposit could correspond to a reworked
transgressive gravel layer, which separates this unit from Holocene marine sands. As
stated by Cirac et al. (2000), since ca. 4000 years BP, sea-level has remained
approximately constant and reworking has affected mainly the upper 1-2 m of sediment
on the inner shelf. However, as described by Jouanneau et al. (2008), on the eastern part
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of the Basque coast, the middle and outer shelves are covered by an extended shelf mud
patch. This ﬁne sedimentary unit is bounded by rocky outcrops in a shoreward direction
and, after Jouanneau et al. (2008), the deeper and northward extent of the mud patch is
indistinct, having no ﬁxed boundary.
Figure 15. Shaded relief of integrated terrestrial LiDAR, bathymetric LiDAR and MBES digital
elevation models, at 1 m grid resolution. Continuous lines represent paleo-channel incisions,
which are aligned with onshore drainages. Dashed lines represent shore borders corresponding
to different sea-level stand-still.
On the other hand, coarse-grained sand patches have been identiﬁed, arranged in
strips and furrows (Figure 6c). These features have been identified as rippled scour
depressions, or sorted bedforms as observed elsewhere (Cacchione et al., 1984; Diesing
et al., 2006; Ferrini & Flood, 2005; Lo Iacono & Guillén, 2008; Thieler et al., 1995). As
commented upon above, these bedforms are present as slightly depressed, elongate
features, consisting of gravelly and sandy gravel sediments; these form, usually, ripples
and dunes lying adjacent to medium to ﬁne sand bodies (Figures 7a and b) (Gutierrez et
al., 2005; Murray & Thieler, 2004). For the Basque continental shelf, bottom stresses
related to wave-induced currents are probably the major component contributing to the
resuspension of sediment, together with the genesis of such morphosedimentary
structures. The principal evidence applied to this hypothesis is that they are present at
water depths which are deeper than the storm wave base. Previous studies undertaken
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on the effect of tidal currents and waves upon the sediments of the French continental
shelf of the Bay of Biscay have conﬁrmed that the prevailing wave climate is the
predominant agent affecting sediment dynamics; this is not only to areas lying adjacent
to the coastline but extends also to the continental shelf break (Barthe & Castaing,
1989).
It has been observed that the direction of the longitudinal axis of the sorted
bedforms within the coastal sectors facing the storm wave direction, lies nearly
perpendicular to the wave direction. Meanwhile, the coastal sectors that do not face the
prevailing storm wave direction show a higher angle between the wave and the sorted
bedform longitudinal axis directions (for details, see Table 2). Thus, it may be
concluded that the shape and direction of the sorted bedform is a combination of the
factors in which the storm wave direction and coastal orientation to the waves play a
major controlling role. Current measurements are required in order to analyse the role of
tidal currents in maintaining such features, as proposed by Diesing et al. (2006). The
measurement of currents during storm events and calm periods (to identify other types
of currents) and hydrodynamic modelling, together with an applied shear stress analysis
for the sediments, could explain the origin of the sorted bedforms of the Basque
continental shelf. On the other hand, gravel material identified in the sorted bedforms
could be explained as being outcropping material of a buried sediment layer lying
beneath the Holocene sands (as described by Browder and McNinch (2006)); this has
been identified in the seismic proﬁles from the study area. In water depths of 20-30 m
below present sealevel, present-day reworking appears to be limited to the upper tens of
centimetres of sediments, and mainly during major storms. Winnowing of Pleistocene
coarse-grained sediments, as well as of transgressive sand patches, provides the material
for this thin uppermost highstand deposit, still in equilibrium with contemporary
processes (Cirac et al., 2000).
Sorted bedforms are interesting features that connect very shallow water
processes to deeper water canyons; as such, they might be considered the initial part of
more complex structures present in deeper waters. Such features are the main pathways
through which shelf sediments are transported, in the form of sediment gravity ﬂows,
into the abyssal plains; their geomorphology has been largely ignored, due mainly to
their complex terrain and the difﬁculty in studying the seafloor (Lastras et al., 2009).
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In terms of artiﬁcial structures, dredged material disposal sites have been
identified as one of the most signiﬁcant changes to the present seascape of the Basque
continental shelf, in terms of surface area. The origin of this disposed material is mainly
from the maintenance dredging of the harbours, during the last 100 years (Uriarte et al.,
2004), together with blast furnace slag disposal (Borja et al., 2008b) and material
derived from mining draining into the ports. Backscatter signals indicate that the
deposited material is composed of material coarser than the surrounding sediments. The
majority of the dredged material disposal sites have not been characterised, up until the
present time; as such, their extent and distribution have been essentially unknown. The
distinctive `ring-like´ structures of these sediments reﬂect the transfer of vertical, into
horizontal, momentum when the disposal hits the seabed (Stockmann et al., 2009). It
could be inferred that the applied shear stress was insufﬁciently high to enhance
erosional processes of the coarser material. If the coarser sediments overlie the ﬁner
ones (as could be seen also in the seismic proﬁle), i.e. armouring, the lower layer
deposit is no longer susceptible to wave action. Even if marine sand extraction is very
limited in Spain, such material disposal sites reduce the availability of such sediment
resources for beach nourishment. Dumping areas should be monitored during future
surveys, with repetition sampling intervals of several years, as the observed processes
occur slowly (Stockmann et al., 2009).
5.3. Geomorphology as a source of information for Integrated Coastal Zone
Management
In recent years, much world-wide legislation has focused upon the protection
and/or restoration seas, by ensuring that human activities are carried out in a sustainable
manner, to provide safe, clean, healthy and productive marine waters (Borja et al.,
2008a). As an example, in Europe, much legislation (e.g. ICZM, Habitats Directive,
WFD, and MSFD (European Commision, 2008a) attempts to promote the sustainable
use of the seas and the conservation of marine ecosystems. The ﬁnal objective of these
policies is to maintain a good environmental or ecological status for marine waters,
habitats and resources. The concept of environmental status takes into account the
structure, function and processes of marine ecosystems, bringing together physical,
chemical, physiographic, geographic and climatic factors; subsequently, integrating
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such interactions, with anthropogenic impacts and activities undertaken in the area
concerned (Borja et al., 2008a).
Within this context, the mapping of geomorphological features within a regional
sea is highly relevant for ICZM. Hence, Borja and Collins (2009) have highlighted
some weaknesses in the present research undertaken within the Bay of Biscay,
proposing a future research agenda. Amongst the different research priorities, these
authors remark that although much effort has been devoted to the study of the geology
and sedimentology of this area, only limited knowledge is available for the continental
shelf and slope. Moreover, they call for a general deﬁnition and mapping of benthic and
pelagic habitats within the Bay of Biscay as being required for any further management
and spatial planning of this particular regional sea (Douvere & Ehler, 2009b).
Hence, the information obtained from the geomorphological mapping presented
in this contribution can be (or is being) used for a variety of investigations, which
converge ﬁnally into an integrated management of this coastal region: (i) Marine Spatial
Planning, including wave energy modelling, for renewable energy exploitation (see
(Galparsoro et al., 2008c); (ii) essential ﬁsh habitat and economically-important species
habitat suitability, for ﬁshing resources (Galparsoro et al., 2009a); (iii) dredged
sediment disposal management; (iv) offshore aquaculture; (v) Marine Protected Areas
and biodiversity conservation (Castro et al., 2004); (vi) habitat mapping (Chust et al.,
2007; Chust et al., 2008); (vii) ecosystem goods and services valuation; (viii) biological
quality index development, for large spatial scale application (Borja & Dauer, 2008);
(ix) land-sea exchange modelisation (Ferrer et al., 2009; Fontán et al., 2009); (x) the
integration of such information for environmental status assessment (Borja et al.,
2009a); and (xi) human activity sensitivity maps.
Moreover, the three physiographic units identified here are coincident with the
three main water bodies identified in the Basque Country for ecological status
assessment within the WFD (Borja, 2006; Borja et al., 2004b). Differences in grain size,
between the units, show slight differences in the depositional pattern, due probably to
differences in wave energy; this leads ultimately to differential transport within each of
the units (Ferrer et al., 2009).
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Hence, Marine Spatial Planning (MSP), which incorporates all the concepts and
investigations commented upon above, is an important tool for the development of an
integrated maritime policy in Europe (European Commision, 2008b). Some of the key
principles of this MSP require strong basic scientiﬁc knowledge, applicable to the
different European directives, which are being or are to be implemented in the near
future. It is within this context that information on the geomorphology is a ﬁrst-step in
an improved knowledge of habitats, uses, goods and services, and the ecosystem-based
management of marine waters (Borja et al., 2008a; Douvere & Ehler, 2009b).
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1. Introduction
The Basque continental shelf is located in the southeastern part of the Bay of
Biscay (Figure 16). It is very narrow, ranging from 7 to 20 km (Uriarte, 1998), and
comprises the total length of the coastline of ca. 150 km. Structural features dominate
the morphology of the continental shelf, where horsts and anticlines, found generally in
Cretaceous rocks, form areas starved of soft Neogene sediment. Faults and synclines
filled with Tertiary material underlie sandy depressions (Pascual et al., 2004). Coastal
rock lithologies are mainly sandstone, calcareous sandstone, limestone, clay, limonite,
marl and marly limestone (EVE, 2003). Offshore, the external section of the continental
shelf is a sedimentary Neogene and Pleistocene prism, developed by progradation
(Boillot et al., 1984).
In terms of oceanographical characteristics, waves from the northwest direction
(swell) are dominant over the region (Uriarte et al., 2004) and the recorded periods
range from 5 to 22 s, with the most frequent being between 8 and 12 s (Castaing, 1981).
The tidal wave is semi-diurnal but despite the importance of tidally-induced surface
water fluctuations, the contribution of the tides to the generation of currents is
somewhat modest (except within the estuaries) (Fontán et al., 2009).
Marine habitats along the Basque coast are related to geomorphology and
hydrography. Sandy banks are distributed from beaches and river mouths (in terms of
sediment supply, the Basque Country is drained by 12 main rivers, which discharge
1.57 106 t.yr-1 of suspended material (Ferrer et al., 2009)) down to muddy depths.
Rocky bottoms are dominant along the shore, reaching the outer part of the continental
shelf.
In terms of naturalness, after recent recovery of the most polluted aquatic
systems, fishing seems to be the main pressure on offshore marine habitats, but not
enough scientific research has been applied to this particular subject (Galparsoro et al.,
2010).
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Figure 16. Study area location at (a) world scale, (b) within the Bay of Biscay and (c) morphosedimentary map and available biological and oceanographical
data sample location (modified from Galparsoro et al. (2010)). The numbers represent the location of the geomorphologic habitats described in the text and in
next figures.
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In 2005 a seafloor mapping programme commenced with the aim of benthic
habitat mapping and seafloor characterisation of the Basque continental shelf. This
investigation integrates different remote sensing and in situ sampling techniques to
cover a continuum from land to circalittoral marine environments and covers a total area
of 1,096 km2. Among them, multibeam echosounder (MBES) (operating up to 100 m
water depth, producing 1 m horizontal resolution grid bathymetry and backscatter),
topographic LiDAR (terrestrial land to mid-intertidal zone), bathymetric LiDAR (up to
20 m water depth, producing 2 m horizontal resolution grid) (Galparsoro et al., 2010),
and aerial photography (Chust et al., 2007; 2008) techniques have been used. In situ
subtidal samples correspond to biological benthic data, which include 413 grabs from
soft-bottom (period 2003-2008), and 405 samples from rocky seafloor taken by divers
(period 1992-2009). Oceanographic data were obtained from 21 CTD stations (sampled
since 1998 at each season of the year), within a monitoring network (Borja et al.,
2009a). Moreover, data from 3 offshore oceanographic buoys (from January 2007 to
March 2009), and 6 littoral oceano-meteorological stations (from 2001 to 2009) are
available.
2. Geomorphic features and habitats
The Basque continental shelf shows high geomorphological diversity. Among
the different seascapes the following ones were identified (Galparsoro et al., 2010): (i)
rocky seafloor (14% of the total); (ii) sedimentary seafloor (35% of the surface, where
the sedimentary features cover ca. 4% of the sedimentary seafloor); (iii) mixed rock and
sediment seafloor (49% of the total); and (iv) areas of dredged material disposal (2% of
the total) and other peculiar structures such as dredging marks and waste water disposal
sites.
2.1. Morphological features
2.1.1. Rocky reefs
The shallow rocky reef seascape is present as a continuous belt of rock adjacent
to the coastline only interrupted by sandbanks off the major estuary mouths, which
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correspond to sedimentary infill of the major paleochannels (Figures 16 and 17). It is
characterised by its roughness and steep slope (approx. 10%) in water depths above 35-
40 m. Below this water depth, the slope decreases to 2-3%. This slope change
corresponds to one of the most marked terraces identified. The slope of the rocky
seafloor depends on the orientation of the strata in relation to the coastline. Where rock
strata are perpendicular to the coastline the seafloor has a low slope, whereas in areas
where rock strata are parallel to the coastline, the rocky reef shows higher slope, and
reaches 30-40 m water depth close to the baseline of the coastal cliffs. The shallow
rocky seafloor shows numerous incisions that correspond to paleo-river channels: this
seascape faces the major amount of wave energy and the presence of large sublittoral
rocky blocks are related to coastal cliff erosion.
At deeper water depth, the rocky substratum is flatter and smoother with the
presence of sand patches between rocky strata. This pattern produces a mixture of
sedimentary and rocky seafloor, which is the dominant seafloor type in the continental
shelf. Apart from these, some rock outcrops are present along the continental shelf
where some of them rise ca. 30 m above the seafloor (Figure 18).
2.1.2. Sedimentary seafloor
Ten major sandbanks have been identified, which represent the extension of the
present estuaries. The mean grain size corresponds to fine sand (mean median 2.1 Phi).
The mean composition is 75% sand, 18% mud and 4% gravel, with 35% CaCO3
content, 4.1% organic matter content, and a redox potential of +161 mV.
Various sedimentary bedforms are present in the area (Figure 16). At shallow
water depth, wave-induced morphologies such as rhythmic surf zone sandbars and
troughs, and sandbank morphologies associated to the wave closure depth could be
identified. At deeper water depth, Infralittoral Prograding Wedge (Figure 19) and sorted
bedforms have been identified (Figure 20) (Galparsoro et al., 2010). Sorted bedforms
are present as elongate slightly depressed (up to 0.5 m in depth, relative to the
surrounding upper shoreface) features, which lie perpendicular to the isobaths.
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Figure 17. (a) Shallow water rocky reef seascape. At this section of the shelf, rock strata are
approximately oriented to the north. Rock morphology change can be identified at 40 m depth
(see main text for explanation). A paleo-river channel can also be identified (see Figure 16 for
the seascapes location, as number 1). (b) Seascape showing shallow water rocky reef, a
paleochannel and bay. Both seascapes are generated by the integration of topographic LiDAR
(Digital Elevation Model at 1 vertical exaggeration), bathymetric LiDAR and multibeam
echosounder information (vertical exaggeration 4x). (See Figure 16 for the seascapes location,
as number 1 and 2).
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Figure 18. Three different rock outcrop seascapes. Digital Elevation Model
vertical exaggeration 10x. (See Figure 16 for the seascape location: Figure
18a is number 3; Figure 18b is number 4 and Figure 18c is number 5).
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Figure 19. Sedimentary seafloor seascape and grab sample locations. The sedimentary seafloor
morphology changes at 30-35 m water depth which corresponds to wave closure depth. The
steeper slope observed at the 45-55 m range corresponds to a Infralittoral Prograding Wedge
front. In the lower left of the picture, some dredge disposal marks can be identified. (See Figure
16 for the seascape location, as number 6).
Most of the sorted bedforms have developed just outside the fair-weather surf
zone water depth (20-25 m), down to water depths of 90-100 m. The largest ones are
around 1,650 m in width and 4,400 m in length. Sorted bedform areas are easily
identifiable in MBES records, both by the bathymetric depression and higher
backscatter response than the surrounding sediment (Figure 20). Sedimentological
samples located in sorted bedform areas showed a mean grain size of 1.25 Phi, with
80.3% sand, 11.7% gravel and shell debris, and 7.7% mud, with 3.2% organic matter
and 38.8% CaCO3, which is higher than the surrounding material. Video records
indicate that the boundaries are sharp between the surrounding fine sand and coarse
sand inside the sorted bedform.
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Figure 20. Sorted bedform seascape. (a) Non-calibrated multibeam backscatter response, with
darker colours representing areas of coarse or gravely sand. (b) Shaded relief model extracted
from 1 m horizontal resolution Digital Elevation Model (with a vertical exaggeration of 10x).
Sorted bedforms can be identified by the depression they produce. (See Figure 16 for the
seascape location, as number 7).
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3. Biological communities
3.1. Hard-bottom communities
Rocky seafloor benthic characterisation was based on survey tracks from 0 to 50
m water depth (Figure 16). In the 405 samples, 1,147 macrobenthic invertebrate and
215 macroalgae species have been identified.
Regarding macroalgae, the zonation in the intertidal and subtidal zones is
determined by tides and exposure to wave action. However, other physical (i.e.
topography, substratum nature, sedimentation level), chemical (i.e. salinity, pollution),
and biological factors, have also been identified as important factors (Borja et al.,
2004a). Gorostiaga et al. (1998), applying multivariate analysis, observed that subtidal
macroalgae changed gradually with no discrete communities being clearly
distinguishable. These gradual changes in flora were related mainly to increasing
sedimentation levels. According to Díez et al. (2003), the vegetation of the western
Basque coast is fairly homogenous although somewhat more diverse than that of
eastern, due to a greater variation in environmental variables such as water quality,
sedimentation and wave exposure levels. Discrete communities have been recognised,
on the basis of the dominant species, to facilitate the description of vegetation. The
exposed or extremely exposed infralittoral rock is dominated by Gelidium corneum
(Figure 21), whilst the more sheltered zones are dominated by Cystoseira baccata
(Borja et al., 1995; Díez et al., 2000; Limia & Gorostiaga, 1987). In rocky areas
affected by sedimentation, G. corneum tends to disappear. With moderate sediment
increase C. baccata and Codium decorticatum can dominate, whilst in highly
sedimented zones Zanardinia typus and Aglaothamnion cordatum are more abundant
(Díez et al., 2003).
In terms of hard substratum macrofaunal distribution there is also a gradual
change of species, which could be directly associated to the same environmental
features that drive the changes in vegetation. Alternatively it could be due to other
physical parameters, or related to the macroalgae species present at various depths.
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The polychaete species Lysidice ninetta characterises the rocky bottom between
intertidal zone depths and about 15 m and decreases in frequency with depth. Other
characteristic species at those depths are the gastropod Bittium reticulatum, the bivalves
Hiatella arctica and Musculus costulatus, and, at more than 10 m water depth, the
polychaetes Platynereis dumerilii and Spirobranchus polytrema.
The gastropod B. reticulatum is one of the most frequent species at
approximately 10-15 m water depth, and the most frequent species at about 15-25 m
water depth. Other characteristic species at 15-25 m water depth are the crustacean
Verruca stroemia, the molluscs H. arctica and Nassarius reticulatus, and the polychaete
L. ninetta.
At more than 25 m water depth, the crustacean V. stroemia is the most
characteristic macrofaunal species, appearing in all sampling sites. The molluscs B.
reticulatum, H. arctica, and Ocenebra erinaceus are also notable (see Figure 1 and
Figure 2 of Supplementary Material II for hard substrate habitats images).
3.2. Soft-bottom communities
The assessment of soft-bottom benthos is based upon 413 grabs, in which 1,202
species were identified. A BIO-ENV analysis of PRIMER was carried out to relate the
sedimentological and oceanographical conditions to species distribution. Most of the
variability on species composition was explained by the sediment composition and
sediment resuspension produced by wave action. This result was used for habitat
classification and their spatial delimitation by environmental information layer
combination in a GIS environment. Moreover, the pan-European EUNIS habitat
classification (Connor et al., 2004) was used as the base classification for management
and conservation purposes, but it was adapted to the specific characteristics of the
Basque continental shelf habitats (Galparsoro et al., 2009c). Some of the most
significant soft-bottom habitats are described below.
The exposed coarse sand and gravel sand, present in highly dynamic areas,
supporting natural disturbance produced by currents and wave action, is characterized
by robust infaunal polychaetes such as Polygordius appendiculatus, Protodorvillea
Chapter II
66
kefersteini and Terebellidae, the oligochaete Grania, bivalves such as Tellina
(Moerella) donacina, and holothurians such as Leptosynapta inhaerens.
In slightly gravel mixed sands in areas of open exposed coast, the Glycera
lapidum polychaete is present. This species is rarely considered characteristic of a
community, but in this case, its dominance could be related to the exclusion of other
species. This habitat could be affected by continuous or periodical disturbance of the
sediment due to wave action, which impedes the establishment of more stable
communities. Other taxa include spionid polychaetes, such as Spio martinensis and
Spiophanes bombyx, Nephtys spp. and, in some areas, the bivalve Spisula elliptica. Due
to the variability of sediment regime in this habitat, seasonal or spatial variations of this
community may happen.
In coarse sands of the open exposed coast, in water depths >15-20 m, the habitat
is characterised by the presence of nematodes, likewise the annelid P. appendiculatus,
nemerteans, Pisione remota, oligochaetes of genus Grania, Sphaerosyllis bulbosa, G.
lapidum and P. kefersteini.
The infralittoral habitat consisting of fine sand, in shallow water depth, is
characterised by the presence of the sea urchin Echinocardium cordatum, the bivalve
Mactra stultorum, the polychaetes Magelona johnstoni, S. bombyx, Mediomastus
fragilis, Owenia fusiformis, and Paradoneis armata, the amphipods Siphonoecetes
kroyeranus and Hippomedon denticulatus and the nemertean Tubulanus polymorphus.
The infralittoral habitat consisting of muddy sand contains a variety of
polychaetes (M. johnstoni, Magelona filiformis, O. fusiformis, P. armata, genus
Scolaricia, Prionospio (Prionospio) steenstrupi, Myriochele danielsseni, Chaetozone
gibber), bivalves (Tellina fabula), gastropods (N. reticulatus), and amphipods (S.
kroyeranus, Urothoe pulchella).
At deeper water depths (>27 m) this habitat is more stable than shallower ones,
and consequently, shows higher species diversity. Clean fine sands, with mud content
less than 5%, are characterised by the presence of copepods as well as Echinocyamus
pusillus, S. bombyx, Abra alba, Lumbrineris cingulata, Abra prismatica, P.
(Prionospio) steenstrupi, nemerteans, M. filiformis, C. gibber, Ampelisca brevicornis
and T. polymorphus.
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The circalittoral habitat with muddy sand, and fine contents between 5% and
20%, is present at deeper water depths than 27 m and shows rich infaunal communities,
comprised of E. cordatum, M. stultorum, M. johnstoni, S. bombyx, M. fragilis, O.
fusiformis and S. kroyeranus.
The infralittoral region with muddy sand and fine contents higher than 20%, and
water depth deeper than 27 m, is present in sheltered bays or inlets. The dominant
species include Nephtys cirrosa, H. denticulatus and other amphipods of genus
Hippomedon, E. cordatum, Urothoe brevicornis, Dispio uncinata. It may also contain
the species Gastrosaccus sanctus, Bathyporeia elegans and Scolelepis bonnieri.
The circalittoral sandy mud habitat, with fine contents higher than 20%, at water
depths > 27 m, is present in deep bays, inlets, and in deep water where the wave energy
action is low. A community of L. cingulata, Thyasira flexuosa, Tellina compressa, S.
bombyx, C. gibber, Ampharete finmarchica, Prionospio fallax, Aponuphis bilineata,
Spiophanes kroyeri, M. filiformis, nemerteans, Chone filicaudata, Ampelisca
tenuicornis, M. danielsseni and A. brevicornis is present.
The circalittoral region consisting of fine mud, at water depths > 27 m, is
characterised by the presence of the polychaete of genus Monticellina and the species
Mytiochele oculata, Magelona minuta, Monticellina dorsobranchialis, T. flexuosa, S.
kroyeri, Abyssoninoe hibernica, Chaetozone setosa, A. tenuicornis, A. finmarchica,
Paradiopatra calliopae, Maldane glebifex, Prionospio ehlersi, Terebellides stroemi, P.
fallax, A. alba and Euclymene. (see Figure 1 and Figure 3 of Supplementary Material
for soft substrate habitats images).
4. Surrogacy
Habitat modelling approaches have been carried out mainly focused on
commercially exploited species, and the derived results have been used for fisheries
management and coastal zone management purposes. Borja et al. (2006b) provided
information on the standing stock of the goose barnacle (Pollicipes pollicipes), and of
the significant positive correlation between biomass, coverage, and density, and
environmental factors such as wave height and energy derived from waves received at
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the coast. In the case of G. corneum, a significant positive correlation between biomass
and irradiance and a negative correlation with wave energy was also found (Borja et al.,
2004a).
Galparsoro et al. (2009a) considered the identification of seafloor morphological
characteristics, together with wave energy conditions, that determine the presence of
European lobster (Homarus gammarus), and predicted suitable habitats over the Basque
continental shelf with a Boyce index of 0.98±0.06, showing the quality of the model
(Boyce et al., 2002).
The production and access to high-quality and resolution data on the seabed,
together with the increasing interest in integrative studies and ecosystem-based
management of the marine environment, has triggered a general interest in habitat
mapping and modelling. Hence, different approaches are being carried out, especially in
areas of integrative analysis of biological, physical and oceanographical processes. The
results could serve for a better understanding of the habitats, and with the objective of
ecosystem-based management of marine waters, the integration of marine uses, goods
and services valuation of coastal ecosystems, and, finally, Marine Spatial Planning of
the Basque continental shelf.
Process-driven characterization and mapping of sedimentary habitats
69
Chapter III
Process-driven characterization and benthic sedimentary
habitat modelling, for Marine Spatial Planning and
environmental status assessment
Chapter III
70
1. Introduction
Habitat modelling could be considered as one of the major challenges in marine
ecology. In recent times, and promoted by the development of data acquisition
techniques and the increase of quantity and quality of available data, its high potential
use in predicting spatial patterns of benthic communities and ecosystems (Bandelj et al.,
2009; Degraer et al., 2008; Huang et al., 2011), predicting species distribution and
habitat suitability modelling (Galparsoro et al., 2009a; Monk et al., 2011; Valle et al.,
2010), biodiversity (McArthur et al., 2010), the selection of areas to protect (Harris et
al., 2008; Louzao et al., 2010) or even the prediction of impacts produced by climate
change on marine habitats and benthic communities (Chust et al., 2010a; Jennings &
Brander, 2010) had been demonstrated. Thus, the resulting knowledge produced in such
type of investigations is of considerable value in supporting the implementation of
environmental legislation, Integrated Coastal Zone Management and ecosystem-based
fisheries management (Galparsoro et al., 2009a). Moreover, new steps given towards
Marine Spatial Planning (MSP) (Douvere & Ehler, 2009b; European Commision, 2010)
and Ecosystem-based Management (EBM) (or the Ecosystem-based MSP (Foley et al.,
2010)) approaches, highlighted the need of benthic habitat maps as a knowledge base to
allow scientists and managers to understand the distribution of living and non-living
resources on the seafloor (Shumchenia & King, 2010) and propose human activities
management minimizing their environmental impact. Thus, legislation for protecting
and assessing the quality of marine ecosystems worldwide has as one of their objectives
the characterization and mapping of seafloor and pelagic habitats (Borja et al., 2008a;
Borja et al., 2010; Harris et al., 2008). Specifically, in the European Marine Strategy
Framework Directive (MSFD) (European Commision, 2008a) one of the most important
descriptors in assessing environmental status of marine waters is the seafloor integrity,
concept which integrates both species distribution and habitat functionality (Borja et al.,
2011; Rice et al., 2010; Van Hoey et al., 2010).
In this investigation we refer to ‘‘Benthic habitat’’ as a particular spatially
environment defined by both the living (biotic) components, such as infauna and
epifauna, and their relationship with the non-living (abiotic) components such as
substratum, water depth, and bottom topography (ICES, 2006). The environmental
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variables that describe a species’ fundamental niche can be broadly grouped into
resource gradients e.g. chemicals or energy consumed by a species; direct gradients
variables with a physiological influence on a species but not consumed by it e.g.
sediment grain size or temperature; and indirect gradients of variables correlated with
direct and resource gradients but with no physiological connection to the species e.g.
depth and latitude (Meynard & Quinn, 2007). Thus, habitat distribution models
statistically link field observations to a set of environmental variables or spatial
predictors, reflecting some key characteristics of the niche (Guisan & Zimmermann,
2000; Hirzel & Guisan, 2002; Hirzel & Le Lay, 2008). A benthic habitat modelling
should take into account, among others, information of physical processes occurring on
the seafloor or oceanographic information pertaining to the near-bottom water column
(Gogina et al., 2010). Physical disturbance and available food supply are known to be
important in structuring benthic communities (Kube et al., 1996). Taking this into
account, the process-driven benthic habitat mapping approach (Kostylev & Hannah,
2007), is based on ecological theory that relates species life history traits to the
properties of the environment, transforming maps of the physical environment into a
map of benthic habitat types. The approach was applied to benthic marine habitat in
Atlantic Canada (Kostylev et al., 2005), demonstrating that the template was
significantly correlated with species diversity. Gregr (2008) applied the method to
Pacific Canadian waters, assessing how the resulting classification corresponded to
distributions of a number of species including corals, sponges, and commercially
important bottom fish.
Within this context, the main objective of this study is to produce a process-
driven benthic sedimentary habitat model for the Basque continental shelf (Bay of
Biscay), to be used in the implementation of the European MSFD, in relation to the
seafloor integrity descriptor (Borja et al., 2011; Rice et al., 2010; Van Hoey et al.,
2010) and the MSP approach. To accomplish this objective, the next approach was
applied: (i) near-bottom oceanographic and sedimentological parameters that determine
species assemblages were identified; (ii) the most important environmental parameters
where selected and fit with the process-driven habitat template; (iii) a process-driven
habitat map was produced; (iv) the structural parameters and life-history traits of species
were analysed within the process-driven habitat template; and, finally, (iv) benthic
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habitats were characterised in terms of species’ assemblages and environmental
characteristics.
2. Material and Methods
2.1. Study area
The study area is located on the continental shelf of the Basque Country, in the
southeastern part of the Bay of Biscay, northern Spain (Figure 21a). The total length of
this section of the coast is ca. 150 km. This continental shelf is characterised by its
narrowness, ranging from 7 km off Matxitxako to 20 km off the estuary of the river Oria
(Uriarte, 1998).
- Seafloor morphology
The data set analysed in the present study was acquired within the framework of
a seafloor characterisation and marine habitat mapping programme, which commenced
in 2004 (Galparsoro et al., 2009c). High-resolution multibeam echosounder (MBES) at
1 m horizontal resolution Digital Elevation Model and bathymetric LiDAR at 2 m
horizontal resolution grid, were available up to 100 m depth (Chust et al., 2008; Chust
et al., 2010b; Galparsoro et al., 2010). From this investigation, the seafloor digital
elevation model and the sedimentary seafloor characteristics were used. The surface
corresponding to sedimentary seafloor is 406 km2 (Galparsoro et al., 2010). The
distance to rock map was calculated using Euclidean distance algorithm (ArcGIS) from
the morpho-sedimentary map of the same study. Each aforementioned information layer
was resampled at 5 m horizontal resolution grid.
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Figure 21. (a) Study area location within the Bay of Biscay and (b) study area and existing information: seafloor type, grab sample location with benthic data
and CTD stations (modified from Galparsoro et al. (in press-a)).
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- Sediment characteristics and sediment resuspension index calculation
Sediment variables and grain size distribution map were extracted from the
previously calculated by Galparsoro et al. (2010) (see Figure 21). To calculate the
sediment resuspension index, storm wave characteristics were propagated across the
study area. The significant wave height exceeding 12 hours per year (Hs12) was derived
from oceanographic Bilbao-Vizcaya buoy record (period 1996-2006) (Puertos del
Estado, 2007). Finally, numerical modelling (SMC, 2002) was used with the MBES
derived Digital Terrain Model (DTM) as an input. The spatial resolution of the model
resulted in 20 m grid. Wave induced near-bottom maximum orbital velocity was derived
using linear wave theory and Hs, period (Tp) and mean depth for each point of the
computational grids (Figure 22a). Then, the orbital velocity value together with grain
size distribution (Figure 22b) was used to calculate the sediment resuspension following
empirical relationship between grain size and critical current speed (Hjulström, 1935)
(Figure 22c).
Figure 22. (a) Wave height (Hs12) distribution; (b) mean grain size distribution; and (c)
sediment resuspension index.
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- Oceanographic data
CTD profiles from 21 monitoring stations, sampled in spring, autumn, summer
and winter since 1998, were collated (Borja et al., 2009a) (see Figure 21 for sample
locations). Oceanographic data corresponding to the same period of the benthic data
(i.e. 2003-2010) were kept and filtered by depth to extract the oceanographic parameters
values near the seafloor. First analysis demonstrated that oxygen values were always
near to saturation or satured (see Borja et al. (2011)). Therefore O2 values were not
considered as discriminative in terms of biological response and were not used in
further analysis. Salinity did not show significant variations in the near-bottom, so it
was not kept for further analysis. After that, mean value and standard deviation of each
selected parameter (mean, maximum and minimum water temperature; mean and spring
chlorophyll concentration) was calculated. In order to get a continuous layer each
parameter was interpolated using ordinary kriging with spherical fitted models of
semivariograms into a grid of 5 m resolution (Surfer 8 from Golden Software) (Figure
23).
- Biological data
A Marine Biodiversity Observatory was established by the Basque Government,
where among others, oceanographic, sediment and biological data were collected and
integrated into a Marine Spatial Data Infrastructure (Sagarminaga et al., 2007; Solaun et
al., 2009). From the available grab samples, the benthic samples were extracted firstly
for the time period 2003-2010 (see Figure 21b for benthic sample location). This period
was selected because: (i) since 2003 most waste water is being treated before discharge
into the sea (Borja et al., 2009b), minimizing anthropogenic influence in the results; and
(ii) using data from recent times only helps avoid dealing with potential shifts in fauna
due to climate change. This selection resulted into 404 grab samples with benthos
identified at species level (a total of 1,202 species). For each sample we have
determined species density, richness (number of taxa), Margalef index, and Shannon-
Wiener diversity index. All values were standardized at 0.1 m2. Samples collected in
areas with known human impacts, mainly near sewage outfalls, dredging and sediment
disposal, were identified in order to analyse the influence of such data in the final results
of the analysis. Thus, two datasets were generated; one of them containing all the
available data and other one, only with the samples collected in "natural habitats".
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Figure 23. (a) Annual mean temperature; (b) annual maximum temperature; (c) annual
minimum temperature; (d) annual temperature range; (e) annual mean chlorophyll
concentration; (f) spring chlorophyll concentration.
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The total number of samples located in impacted areas resulted in 166 out of 404
(because of their origin in impact monitoring networks); hence, 238 samples were kept
as samples collected at natural habitats. Finally, for each benthic sample location,
environmental data was extracted in the GIS.
2.2. The Process-driven habitat mapping approach
The process-driven benthic habitat mapping approach (Kostylev & Hannah,
2007), is based on ecological theory that relates species life-history traits to the
properties of the environment, transforming maps of the physical environment into a
map of benthic habitat types. The habitat template for benthic habitat mapping
aggregates sets of environmental factors into two axis: (i) the ‘Disturbance’ axis, which
reflects the intensity of habitat alteration or destruction, and is calculated as the
sediment remobilisation; and (ii) the ‘Scope for Growth’ (SfG) axis, which describes the
amount of energy available for growth and reproduction, after adjusting the available
food supply by environmental stressors that pose a cost for physiological functioning of
organisms. This axis is calculated based on food availability (derived from the
chlorophyll concentration near the seafloor), annual bottom temperature, temperature
variability, and oxygen saturation.
For the present investigation, a set of 16 environmental variables were
considered which could be grouped into: (i) seafloor morphology (depth and distance to
rock); (ii) sediment characteristics (mean grain size, sorting, gravel content, sand
content, fine content, organic matter content, redox potential); (iii) sediment
resuspension; and (iv) oceanographical conditions near the seafloor (average annual
chlorophyll content, spring chlorophyll content, annual mean temperature, annual
temperature range and minimum annual temperature (Table 3). Each environmental
parameter was interpolated and mapped at 5 m horizontal resolution grid. Then, for each
benthic grab sample location, considered environmental variables values were extracted
in a GIS. Subsequently, the multivariate analysis was undertaken using the PRIMER
(Plymouth routines in multivariate ecological research version 6 software package
(Clarke & Gorley, 2001; Clarke & Warwick, 1994). Fourth root transformation was
applied to species abundance to reduce the influence of highly abundant species and
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Bray Curtis similarity matrix (Bray & Curtis, 1957) was calculated with dummy
variable added (value: 1).
Table 3. Mean, maximum (max.) and minimum (min.) values for each of the
environmental variables analysed within the study area, in the bottom layer. S.D:
Standard Deviation.
Variable Mean ± S.D. Max. Min.
Annual mean temperature (ºC) 14.2±0.6 15.6 12.5
Annual maximum temperature (ºC) 19.4±1.1 20.9 14.8
Annual minimum temperature (ºC) 11.9±0.3 12.5 11.6
Annual temperature range (ºC) 6.4±1.0 7.7 2.7
Annual mean chlorophyll concentration (µg·l-1) 0.69±0.19 0.96 0.14
Spring chlorophyll concentration (µg·l-1) 1.03±0.5 1.9 0.08
Mean grain size (Phi) 2.17±1.22 7.38 -1.69
Sorting 1.41±0.44 3.52 0.15
Gravel content (%) 3.9±11.4 93 0
Sand content (%) 69.9±32.9 100 0.06
Fine content (%) 26.3±33 99.7 0
Organic Matter content (%) 3.1±2.8 26.5 0.5
Redox potential (mV) 182.1±231.9 499 -336
Depth (m) -41.8±23 -114 -6.7
Resuspension index 1.5±0.77 4.81 0.17
Distance to rock (m) 215.7±249.5 997.1 0
The RELATE routine with Spearman rank correlation method was used to
analyse the correlation between species composition and the spatial location of the
samples, the correlation between environmental variables and spatial location of
samples, and to analyse the correlation between taxon composition and environmental
conditions. The BEST routine was used to investigate the significance of any
relationship between taxon composition and environmental conditions, and identify the
environmental variables best matched to the distribution of taxa (Bremner et al., 2006a;
Clarke & Ainsworth, 1993; Louzao et al., 2010; McArthur et al., 2010; Shumchenia &
King, 2010; Todd & Kostylev, 2011). BEST analysis was run with Spearman rank
correlation method and Euclidean distance resemblance measure.
Finally, statistically most significant environmental variables layers were
converted into an index by linear scaling from 0 to 1, based on the minimums and
maximums of each environmental variable layer, and transformed into SfG and
disturbance axis using equal weights in an additive model (Kostylev & Hannah, 2007).
In order to simultaneously display two template axes in geographical space, a red-green
colour map was used by band composition algorithm.
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SfG and Disturbance values for each sample location was extracted in GIS and
plotted in the process-driven habitat template. The Process-driven habitat template was
then divided into 16 classes (4x4 squares); then, each sample was classified according
to theses classes. Finally, an analysis of similarity (ANOSIM) was carried out. Diversity
and species richness of samples were interpolated in the Process-driven habitat template
to analyse the ecological significance of the template. Once classes were identified, the
average similarity and the representative species for each assemblage, based on the
similarity percentages method (SIMPER), were estimated.
The Biological Trait Analysis (BTA) (Statzner et al., 1994) uses life-history,
morphological and behavioural characteristics of species to indicate ecological
functioning of the habitats (Naeem et al., 1999). Hence, the ecological significance of
the generated Process-driven habitat template, and the resulting habitat classes, were
then analysed by means of comparing the species lists for each class with the species
life-history traits extracted from the Life Information Network (MarLIN in
http://www.marlin.ac.uk/biotic/). Eight biological traits were chosen for the analysis:
lifespan, living habit, maturity, generation time, sociability, size and fragility. When no
information on a particular trait was available for a taxon, zero values were entered for
each trait category and the taxon did not contribute to the calculation of trait weightings.
3. Results
A significant correlation between the environmental variables and the
geographical location of the 404 benthos samples was found (RELATE; ρ = 0.33,
p<0.1%). The correlation between the species composition and the sample location was
also found to be significant (RELATE; ρ = 0.14, p<0.1%); but higher correlation was
found between taxonomic composition and environmental conditions at the stations
studied (RELATE; ρ = 0.35, p<0.1%).
When only 238 samples from natural habitats were retained for further analysis,
removing stations from human-modified areas (i.e. submarine outfalls, dredged areas,
sediment disposal areas) environmental conditions showed even more significant effect
on distribution of fauna. There was a significant correlation between the environmental
variables and the spatial location of the samples (RELATE; ρ = 0.13, p<0.1%). The
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correlation between the species composition and the spatial location of the samples was
found to be also significant (RELATE; ρ = 0.08, p<0.1%); but the highest correlation
was found between taxonomic composition and environmental conditions at the stations
studied (RELATE; ρ = 0.40, p<0.1%).
From the 16 environmental parameters considered, best correlation between
environment and taxa was given by a combination of 4 environmental parameters
(BEST; ρ = 0.46): mean grain size, water depth, sediment resuspension index and
maximum temperature. The associations between environmental conditions and taxon
composition were weaker when environmental variables were considered individually.
The order of importance of each of them resulted in water depth (ρ = 0.42), the
resuspension index (ρ = 0.34), the annual maximum temperature (ρ = 0.33) and mean
grain size (ρ = 0.33) (in all cases with a significance level of 0.1%).
As the objective of this investigation was to produce a Process-driven habitat
map, environmental variables were classified according to those parameters related to
Disturbance and the ones related to SfG. Taking into account the most important
variables explaining the species composition, the mean grain size and the resuspension
index were classified as factors reflecting natural disturbance, while annual maximum
temperature was classified as a factor reflecting the SfG. The water depth could be
related to both components. Thus, the Disturbance was defined as the resuspension
index and the SfG as the annual maximum temperature. Both variables were then
transformed into the SfG and Disturbance axis using linear scaling. The plot of the
benthic samples distribution in the Process-driven habitat template is shown in Figure
24a.
Benthos samples were represented only in 8 out of the 16 theoretical classes in
the Process-driven habitat template when it was divided into 4x4 squares grid. The
analysis of similarity between habitat classes extracted from the Process-driven habitat
template and benthic community structure showed a statistically significant correlation
(ANOSIM; ρ = 0.31, p<0.1%) (Figure 24b). Then, for each habitat class, environmental
data (see Table 4) together with benthic structural parameters and macrobenthos species
lists, were extracted for each habitat class (see Tables 1 to 8 in Supplementary Material
III).
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Figure 24. (a) Benthic sample data location in the Process-driven habitat template; (b) habitat
classes according to the template.
The response of the benthic structural parameters - species richness and diversity
- to the resuspension index indicated that Margalef index decreases rapidly as the
resuspension index increases up to approximately 1.5, which is near to the threshold of
sediment resuspension (Figure 25a). The diversity showed almost the same response
with an almost proportional decrease to the increase in resuspension index (Figure 25b).
The diversity values of the natural benthic samples were interpolated in the
process-driven habitat template to analyse the ecological implications (significance) of
the produced habitat model (Figure 26a). In general terms, it could be noted that the
diversity decreases as both, the SfG and Disturbance increase. On the other hand, the
species richness shows an increase as the Disturbance reduces and shows a maximum
for a medium range of SfG (Figure 26b). For all the benthos sample data, the results
show the same general pattern with some differences which are identified as both, as
lower diversity values than expected (rectangle "A" in Figure 26c) and as a higher
diversity values than expected (rectangle "B" in Figure 26c). At the same way, species
richness also resulted in the same pattern than for natural samples with some outliers
(rectangles "C" and "D" in Figure 26d).
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Table 4. Main characteristics of each habitat class defined in the Process-driven habitat template (see Figure 4a for habitat class distribution in the process-
driven habitat template). Key: NS: number of samples; GS: grain size; SORT: Sorting; OM: organic matter; RI: Resuspension index; AC: annual chlorophyll;
SC: spring chlorophyll; T: temperature.
Habitat
class NS GS SORT Gravel Sand Mud OM Depth RI AC SC Mean T T Range Min T Max T Richness Margalef Diversity
(Phi) (%) (%) (%) (%) (m) (µg·l-1) (µg·l-1) (ºC) (ºC) (ºC) (ºC) (nº) (bits ind-1)
1 15 1.71 1.25 5.0 86.6 8.4 2.1 -46.5 1.12 0.67 0.94 14.4 7.3 11.7 19.8 23.3 3.71 2.64
2 116 1.69 1.50 2.0 91.3 6.7 2.4 -33.7 1.86 0.76 1.00 14.6 6.7 12.1 20.0 16.8 3.02 2.24
3 7 2.02 1.25 0.2 95.2 4.6 2.9 -12.9 3.04 0.65 0.83 15.3 7.1 12.4 19.6 16.0 2.27 1.77
5 35 1.82 1.18 5.3 76.6 18.1 2.4 -72.1 0.95 0.57 0.68 13.9 5.7 11.9 18.4 41.1 5.82 2.96
6 25 1.69 1.48 2.0 91.5 6.6 2.4 -46.6 1.64 0.59 0.62 14.5 6.0 12.1 18.8 25.8 4.34 2.52
7 3 1.69 1.40 0.2 96.8 3.0 2.8 -17.8 2.75 0.58 0.64 15.5 7.3 12.5 19.2 6.9 1.04 1.61
9 27 2.71 1.34 4.9 51.0 44.2 3.2 -94.3 0.71 0.32 0.28 13.1 4.2 11.8 16.8 51.9 6.81 3.28
13 10 2.87 1.26 0.9 57.8 41.3 2.5 -102.2 0.72 0.24 0.17 12.7 3.5 11.7 15.6 39.2 5.80 3.20
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Figure 25. (a) Margalef index versus resuspension index; and (b) diversity versus
resuspension index.
Life-history traits information was available only for 45% of the total number of
species. The percentage of presence of each trait, calculated for each habitat class
defined in the Process-driven template, is shown in Table 5.
Species with short lifespan, shorter maturity span and lower generation time
were present in higher percentages in areas characterized by high SfG and medium
Disturbance (mainly in classes 1, 2, 3, 6, 7), in turn, longer lifespan species, longer
maturity span and longer generation time seemed to occur, in higher percentages, in
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areas with low SfG and Disturbance (classes 9 and 13). The proportion of burrow
dwelling species decreases and the free living species increases as the Disturbance
increases. Higher proportion of solitary species and larger size species were found in
areas with low SfG and Disturbance. In terms of fragility and flexibility, the results
were not clear.
Figure 26. Structural parameters in the Process-driven habitat template (a) diversity for "not
modified" samples; (b) Margalef index for "natural" samples; (c) diversity for "all data"; and (d)
Margalef index for "all data".
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Table 5. Percentage of presence of different life-history traits
divided by classes and for each habitat defined in the process-
driven habitat template.
Process-driven habitat class
Lifespan 1 2 3 5 6 7 9 13
<2 years 53 52 58 44 51 60 41 37
2-5 years 32 33 26 40 34 40 39 47
5-10 years 9 11 0 11 11 0 15 16
>10 years 6 4 16 5 4 0 5 0
Living habit
Attached 0 1 0 0 2 0 1 0
Burrow dwelling 27 35 29 32 28 50 32 35
Erect 0 0 0 0 0 0 0 0
Free living 46 36 49 44 46 29 40 36
Tubiculous 27 28 22 24 24 21 27 29
Maturity
<1 year 57 50 63 40 53 67 38 37
1 year 7 7 9 14 11 0 14 16
1-2 years 30 38 20 39 29 33 37 36
2-3 years 0 0 0 0 0 0 0 0
3-5 years 6 5 9 6 6 0 12 12
Generation Time
<1 year 49 36 58 26 44 0 18 20
1 year 0 1 0 0 1 0 0 0
1-2 years 51 63 42 74 56 100 74 73
3-5 years 0 0 0 0 0 0 9 7
Sociability
Colonial 0 0 0 0 0 0 0 0
Gregarious 16 14 28 9 15 20 10 6
Solitary 84 86 72 91 84 80 90 94
Size
Very small (<1 cm) 16 16 15 9 14 25 7 6
Small (1-2 cm) 30 28 25 33 31 25 26 24
Small-medium (3-10 cm) 45 42 52 44 42 38 49 51
Medium (11-20 cm) 6 10 7 8 6 13 10 11
Medium-large (21-50 cm) 3 3 2 4 5 0 7 5
Large (>50 cm) 1 1 0 1 2 0 1 2
Fragility
Fragile 41 40 44 45 41 50 46 45
Intermediate 58 59 56 54 59 50 52 54
Robust 1 1 0 1 0 0 2 1
Flexibility
High (>45 degrees) 70 68 76 68 60 67 74 79
Low (10-45 degrees) 12 15 13 14 21 33 9 6
None (< 10 degrees) 18 17 11 19 19 0 17 16
Finally, a predicted disturbance map was produced by linearization of the
resuspension index. The map shows the spatial distribution of the disturbance over the
study area (Figure 27a). The values of Disturbance range between values 0 to 1. Zero
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value represents zones with the lower disturbance in the study area, meanwhile the
value 1 represents the higher disturbance in the study area. On the other hand, the SfG
map was produced by linearization of the annual maximum temperature (Figure 27b).
Values near to 1 were found to happen in shallow water areas and an homogeneous
gradient was found to occur towards deeper areas. Finally, the final Process-driven
sedimentary habitat map was produced by the composition of the above maps (Figure
27c). The map shows that in general terms, higher naturally disturbed habitats are
located close to the coast, in shallow waters, with high mobile sands, subjected to
stronger waves and higher sediment resuspension. In turn, habitats with higher SfG
were found in intermediate and deeper habitats, with lower sediment resuspension.
4. Discussion
The rise in importance of mapping benthic marine environments for
management has driven a general shift from predominantly species-based management
strategies to the ecosystem-based approach (Heap & Harris, 2011). In this way, the
application of the Process-driven habitat template (Kostylev & Hannah, 2007) to map
habitats is highly relevant; among others because is based in ecological theories that
relate the characteristics of the environment to the major factor influencing in the
biodiversity and life-history traits of species.
In the first phase of this investigation, it was noted that the correlation between
the geographical position of samples and the environmental conditions was lower when
only samples corresponding to natural zones were taken into account (RELATE; ρ =
0.33 for all samples and ρ = 0.13 for samples taken in natural zones with p<0.1%; in
both cases). The reason for this could be because some of the samples corresponded
locations were environmental monitoring of human activities are taking place and
samples have been taken periodically in the same location. The correlation between
spatial location of samples and the species composition showed differences between
both datasets (RELATE; ρ = 0.14 to ρ = 0.08, p<0.1%; respectively). The correlation
between taxonomic composition and environmental condition increased when only
samples corresponding to natural zones where considered (RELATE; ρ = 0.35 to ρ =
0.40, p<0.1%; respectively). This could be because samples collected in human-
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modified areas were producing "noise" in the correlation between species composition
and environmental variables, thus producing a reduction of the correlation value. This
could be due to the environmental impact of such activities, producing changes in
sediment grain size, organic matter content, etc., and, subsequently, changes in species
composition (Austen & Widdicombe, 2006; Baldó et al., 1999; Birchenough & Frid,
2009; Borja et al., 2000; Boyd et al., 2005); and consequently the effect of the
environmental impact for ecological modelling. Thus, the later analysis was carried out
separately for both datasets.
Figure 27. (a) Scope for Growth (SfG) map; (b) Disturbance map; (c) Process-driven habitat
map for the Basque continental shelf.
Taking into account that the relationship between benthic assemblages and the
combination of environmental variables was stronger than the relationship with
geographical distance, it was concluded that the subset of analysed variables was indeed
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responsible for shaping the benthic communities. Among the considered environmental
variables, the combination of mean grain size, water depth, sediment resuspension index
and maximum temperature were identified as the environmental variables explaining
species composition (BEST; ρ = 0.46). This correlation decreased when environmental
variables were considered individually. The most important variables were found to be,
in order of importance, the water depth (ρ = 0.42), the resuspension index (ρ = 0.34), the
annual maximum temperature (ρ = 0.33) and the mean grain size (ρ = 0.33). These
results are comparable to other studies carried out in the Cantabrian sea (Borja et al.,
2004a; Louzao et al., 2010; Sánchez et al., 2008; Sorbe, 1999) and in other areas
(Ellingsen, 2002; Hernández-Arana et al., 2003). Nevertheless, some exception in the
order of importance of individual environmental factor could be found. For example,
Todd and Kostylev (2011), found that summer oxygen saturation was the single variable
which best explained the distribution of bottom fauna on German Bank on the Scotian
Shelf (Canada). In turn, our study area seawater showed relatively constant oxygen
saturation, with values permanently over 80% (Borja et al., 2011). Other authors, state
that salinity also had noticeable effect in the determination of suitable habitats for
certain species of benthic macrofauna in Baltic Sea (Gogina & Zettler, 2010). This
could be related to salinity changes making this factor important in habitat suitability of
certain species and probably, it effect in structuring benthic communities. Hence, it
could be thought that factors which reach to extreme values could be the ones limiting
or influencing in the species assemblages. In fact, the Cantabrian Sea is located in a
temperate zone with no extreme oceanographical changes during the year, which is
translated to a moderately stable in terms of oceanographical characteristics (Valencia et
al., 2004). As the hydrographical parameters are quite stable, the wave energy action
and the sediment dynamics could be found to be the most important factors influencing
benthic assemblages. In addition to this, it should be also noted that our investigation
was carried out in relatively shallow water depths (i.e. 5 to 100 m), which also confirms
the effect of wave action in the habitats and species composition (Dolbeth et al., 2007).
Moreover, most of the above cited studies, have been carried out in study areas covering
larger depth ranges than the one presented here; this could result in a higher correlation
between benthic assemblages and environmental variables; especially between benthic
assemblages and the water depth. In those cases depth may appear as the most
significant variable influencing species assemblages as it could be identified as the
Process-driven characterization and mapping of sedimentary habitats
89
driving gradient influencing other environmental characteristics and species diversity
(McArthur et al., 2010).
Since the objective of this investigation was to apply the Process-driven habitat
template and the analysis of its ecological significance, the environmental variables
which were found to be the most important influencing the species assemblages, were
classified into the ones corresponding to the Disturbance and SfG components of the
environment. The resuspension index and grain size were used to reflect the disturbance
while, the annual maximum temperature was considered as SfG component of the
environment. As it is mentioned above, depth was not considered as this co-varies to
some degree with all the environmental driving factors (Glockzin & Zettler, 2008; Todd
& Kostylev, 2011). At this point, it is important to note that sedimentological
characteristics do not only depend on water depth, but in the sediment-hydrodynamic
coupling (Ryan et al., 2007). This is the case, for example, for particular seafloor
morphological features such as sorted bedforms which were previously identified and
characterised in the study area (Galparsoro et al., 2010), it was considered more
realistic, for habitat modelling approach, to use parameters such as resuspension index
which reflects processes taking place in the near-bottom. It is previously highlighted the
value of assessing physical characteristics of the seabed, particularly geomorphology, in
order to better understand the distribution and structure of benthic habitats, and were
previously found to be good predictors of biological assemblage composition and
percent cover of key taxa (Baptist et al., 2006; Harris, 2011; Ryan et al., 2007). In
relation to that, the response between the Margalef index and species diversity to the
resuspension index was analysed (Figure 25). The Margalef index shows a marked
decrease as the resuspension index increases, especially at lower resuspension index
values; but from ca. 1.75 resuspension index value, the Margalef index maintains
almost constant even if the resupension index increases. This result indicates a Margalef
index decrease for small increase of disturbance, in environments with low natural
disturbance. This response could be considered as a proxy indicating human activities
produced disturbance or seafloor physical alteration in those areas where the natural
disturbance is low. On the other hand, almost the same response was noted for diversity,
this decreases almost proportionally as the natural disturbance increases (Figure 25b).
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The diversity distribution in the Process-driven habitat template (Figure 26)
showed an increase of species diversity and Margalef index as the Disturbance and the
SfG decreases. This response fits quite well with the initial hypothesis of the Process-
driven habitat template (Kostylev & Hannah, 2007) and other ecological theories
(Huston, 1994; Margalef et al., 1979; Reynolds, 1999; Southwood, 1977, 1988), where
the maximum diversity values for each Disturbance and SfG values, could be marked as
a line showing a gradient in diversity (Figures 6a and 6c). Nevertheless, it has to be
highlighted a lack of samples distributed along all the Process-driven habitat template
space, which is produced because the template is constructed for the combination of all
possible environmental conditions represented as continous layers and the lack of
samples for certain areas. In this way, there was a lack of samples for the habitat types
with extreme Disturbance values (i.e. samples in areas with very low or very high
disturbance values) and areas with very low SfG. The lack of samples in very low
Disturbance areas, is related to the fact that samples at the deepest zone of the study
area were absent; meanwhile the lack of samples in very high disturbance areas, is
related to the fact that samples at extremely shallow water depth (<7 m water depth)
were lacking. Nevertheless, it should be noted that the area corresponding to
Disturbance values higher that 0.65 counted only for 2% of the total study area surface.
Moreover, there are some combinations of Disturbance and SfG that are found to be
difficult to happen in a natural way in our case study; such as the combination of low
productivity (i.e. low SfG) and high disturbance areas; and therefore, no samples are
located for those classes.
Nevertheless, from the generated model, for a certain combination of values of
SfG and Disturbance, the expected values for diversity and richness could be inferred.
The results obtained fit with the assumption that in shallow, eutrophic systems near
coastal margins tend to have high biomass and low species richness due to high
productivity and extreme environmental conditions (Edgar, 2001). These systems give
way to moderate biomass and species richness on most coastal shelves (Snelgrove,
2001), followed by an increase in richness and decrease in biomass and abundance in
the deep sea (Levin et al., 2001). According to this, in terms of the ecological
implications of the Process-driven habitat template, it could be thought that the zones
with low disturbance and low productivity classes were associated with deeper water
areas not affected by waves; and thus, the diversity of such zones, would be high (see as
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example, the continental shelf area in front of Lekeitio and Higer cape, in Figure 27c);
meanwhile, the opposite situation could be found in areas with high productivity and
disturbance; places located in shallow water depth and near to estuary mouths (see as
example, the coastal area in front of the Nervión estuary, in Figure 27c).
In this investigation, disturbance produced by natural processes, and its possible
influence on geomorphology and sedimentary processes in shallow-water and on
benthic habitat distribution were analysed (Aller, 1989; Baptist et al., 2006; Ryan et al.,
2007). However, the produced model could be used to infer the ecological impact of
physical disturbances produced by human activities on the seabed; such are bottom
trawling disturbance (Queiros et al., 2006), dredging or dredged sediment disposal
(Wilber et al., 2008) as processes determining the opportunistic response (Norkko et al.,
2006) and the recovery of sediment communities and habitats, following physical
disturbance (Dernie et al., 2003). Thus, it is clear that understanding community-level
feedbacks, such as those involving both diversity and species richness, and disturbance,
has implications for understanding the response of ecological systems to human
perturbation (Randall Hughes et al., 2007) and physical habitat alteration or destruction.
Given that humans are at the same time directly decreasing diversity and increasing
disturbance (i.e. dredged material disposal sites, dredging, trawling, sewage sludge), the
result could be an acceleration of species loss beyond the expectations of direct human
modification of habitats (related to the seafloor integrity ecosystem indicator in the
MSFD (Borja et al., 2011; European Commision, 2008a; Van Hoey et al., 2010). When
diversity and species richness for “natural” subset and for all data (including human-
disturbed habitats) were plotted in the Process-driven habitat template; in some cases,
the diversity values were lower than expected for natural habitats (rectangles "A" and
"C", within Figure 26c). These corresponded to samples collected in areas of dredged
material disposal, a regasification plant water disposal, and a sewage sludge area. In
other cases (rectangle "B" in Figure 26c), in contrast, higher diversity than expected was
found; this last ones corresponding to samples collected in an area close to an organic
enriched sewage sludge.
In terms of the ecological functioning of marine benthic assemblages and BTA
(Bremner et al., 2006b), the interpretation of the results, for those habitat classes
defined in the Process-driven habitat model in which biological traits existed, suggests
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some ecological differences in the habitat classes and their functioning. Thus, for those
habitat classes with lower SfG and Disturbance, the proportion of species with higher
lifespan, maturation time, generation time and size seems to be higher (and the opposite
in areas with higher SfG and Disturbance) as initially expected. Nevertheless, the results
should be used with care due to the absence of biological trait information for 55% of
the listed species.
Currently there is an increasing need of habitat information for managemen; i.e.
the Habitats Directive (92/43/EEC) and to assess the environmental status and seafloor
integrity, within the MSFD (Borja et al., 2011; Rice et al., 2010; Van Hoey et al.,
2010), but also as basis for MSP of human activities (Douvere & Ehler, 2009b;
European Commision, 2010). Benthic invertebrate assemblages are involved in the
maintenance of ecological processes and the biological traits can provide information
about some aspects of ecosystem functioning (Bremner et al., 2006a); which are at the
same time, necessary for marine conservation and management (Bremner, 2008). As
stated by Roff et al. (2003), the ecosystem-based approach, which defines representative
habitat types, is a fundamental prerequisite for management. In this sense, the strongest
point of the Process-driven habitat method is that makes possible to reduce multiple
environmental variables to the major selective forces responsible for defining the life-
history traits of species; and that the resulting habitat map shows an environmental
continuum where the gradients arise naturally (Kostylev & Hannah, 2007). Hence, the
results from these maps are being used in the assessment of the environmental status,
within the MSFD (Borja et al., 2011; Borja et al., 2006a; European Commision, 2008a)
and in the selection of suitable areas for installing wave energy converters, within a
MSP context (Galparsoro et al., in press-b), in the Basque continental shelf.
Predicting suitable habitat for the European lobster
93
Chapter IV
Predicting suitable habitat for the European lobster
(Homarus gammarus) using Ecological-Niche Factor Analysis
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1. Introduction
Natural resource management requirements (e.g. ecosystem-based approaches,
marine protected areas, ﬁshing, habitat identiﬁcation), have led to the increasing use of
species habitat modelling. Different statistical and mathematical techniques have been
applied to develop predictive habitat distribution models (Guisan & Zimmermann,
2000). Amongst these, envelope-based approaches, such as Ecological-Niche Factor
Analysis (ENFA), are considered particularly advantageous; this is because, with
respect to more standard techniques, it does not require absence data. In ENFA,
presence data is used instead, to compare with environmental conditions (Braunisch et
al., 2008; Hirzel et al., 2002). ENFA has been applied more frequently to terrestrial
habitat modelling (Estrada-Pena & Venzal, 2007; Vina et al., 2008), however, recently,
it has been used also in the marine environment (Oviedo, 2007; Praca & Gannier, 2008;
Skov et al., 2008).
Habitat distribution models statistically link ﬁeld observations, to a set of
environmental variables or spatial predictors, reﬂecting some key characteristics of the
niche (Guisan & Zimmermann, 2000; Hirzel & Guisan, 2002). Speciﬁcally, habitat
suitability (HS) modelling has been used successfully in understanding species niche
requirements and predicting potential species distribution, e.g., it has been applied to the
spiny lobster (Panulirus argus), using satellite data in shallow water (Bello et al., 2005),
to gorgonian corals in deep water (Bryan & Metaxas, 2007), to squat lobster distribution
in deep-water (Wilson et al., 2007), mapping macrobenthic communities (Degraer et al.,
2008), and predictive mapping of ﬁsh species richness (Pittman et al., 2007). The
application of such methods to marine species, linked closely to the benthic
environment, requires reliable information on seabed characteristics. Multibeam
echosounders (MBES) are becoming a standard tool for seaﬂoor mapping, due to their
ability to provide high-resolution data sets and extensive coverage; they are especially
valuable for benthic habitat mapping and shellﬁsh resource studies (Edwards et al.,
2003; Kostylev et al., 2003; Orpin & Kostylev, 2006; Ryan et al., 2007).
In the particular case of shellﬁsh, the American lobster (Homarus americanus)
ﬁshery is well known, on the basis of several studies (Incze et al., 2000; Rowe, 2002;
Predicting suitable habitat for the European lobster
95
Smith & Tremblay, 2003; Wahle, 2003). Conversely, for the European lobster
(Homarus gammarus), most of the present knowledge has been derived from
aquaculture studies (Van der Meeren, 2005). Fishery studies have been undertaken only
in northern countries, such as the United Kingdom (Bannister & Howard, 1991;
Lizarraga-Cubedo et al., 2003; Smith et al., 2001), Ireland (Browne et al., 2001; Tully
et al., 2001) or Norway (Agnalt et al., 2007; Tveite, 1979).
In the Basque Country, a marine habitat mapping programme started in 2004
(Galparsoro et al., 2008a), where one of the objectives was to determine habitat
suitability for some key species, including the economically important H. gammarus.
Although along the Basque coast this ﬁshery is limited, in terms of number of ﬁshing
vessels or catches, its socioeconomic importance in some ports is very high (Arregi et
al., 2004). However, there is a lack of information on the H. gammarus ﬁshery and on
the ofﬁcial registration of catches (Borja, 1987c), leading to an underestimate of the
population size (Puente, 2002). This lack of information makes it difﬁcult to understand
the stock and its management to maintain a sustainable ﬁshery.
The objectives of the present contribution are (i) to deﬁne the main seaﬂoor
features and wave energy conditions that determine the presence of H. gammarus and
(ii) to predict habitat suitability for the lobster, using ENFA.
2. Materials and methods
2.1. Study area and lobster sampling
The study area is located in the inner continental shelf of the Basque Country, in
the southeastern part of the Bay of Biscay (Figure 28). The main lobster ﬁshing ports
within the area are those of San Sebastian and Pasaia.
H. gammarus is distributed along the eastern Atlantic, from Lofoten Islands
(Norway) in the North Atlantic, to Morocco and the Black Sea in the Mediterranean
(Holthuis, 1991). The lobster is territorial, with nocturnal activity (Smith et al., 1998); it
feeds on a range of benthic invertebrates (Smith et al., 2001), mainly crustaceans and
bivalve molluscs. The lobster appears usually in the infralittoral and the circalittoral
(20-60 m water depth), over seabeds incorporating rock blocks and sandy galleries
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(Templado et al., 2004). Cooper and Uzmann (1980) have described how lobsters tend
to excavate holes or tunnels with one or more exits below rocks, with there being a
relationship between hole size and the size of the individual. Moreover, Howard (1980)
has established a signiﬁcant relationship between the size of individuals and substrate
type.
Figure 28. Location of the study area, within the southeastern part of the Bay of Biscay, with
thick black lines representing the sampling positions.
Lobster sampling surveys were undertaken between 7 June and 10 August 2007,
with a professional lobster ﬁshing boat. The survey was carried out during the permitted
period for ﬁshing, in summer. A total of 17 lobster pot lines were laid, near the ports of
San Sebastian and Pasaia (Figure 28). Each line was 650 m long, including 60 pots. The
initial, middle (or bearing change) and ﬁnal positions of the lines were recorded, using
GPS. In all cases, the pots were located at the limit between a rock bed and the presence
of sand patches, based upon the experience of the ﬁshermen. Pots were deployed in the
afternoon and recovered in the morning, taking advantage of the night activity of the
lobsters. For each line, the number of lobsters, their sex and morphometric
measurements (carapace length and width) were recorded (Bald et al., 2008).
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2.2. Multibeam echosounder data
Ship-borne MBES data were acquired, as part of the continental shelf
characterisation and habitat mapping programme survey, between 2005 and 2006.
Bathymetric and seaﬂoor backscatter information were acquired, using high-resolution
SeaBat 7125 and SeaBat 8125 MBES. Both sets of equipment had similar
characteristics (RESON, 2002, 2006).
Most of the work was carried out using the SeaBat 7125 model; its operational
frequency is 400 kHz, producing 256 beams in a 128◦ angle swath and using up to 50
swaths per second. The beam width is 0.5º along-track and 1º acrosstrack, producing
very small footprints; these, in turn, result in high horizontal resolution digital elevation
models (DEM). The MBES was coupled with an Agp132 (TRIMBLE) global position
system, receiving differential corrections. An OCTANS III (IXSEA) gyrocompass and
motion sensor was utilised, to compensate for the movement of the vessel. Furthermore,
a portable SVP 15 (RESON) was used, to measure sound velocity proﬁles throughout
the entire water column (Ernstsen et al., 2006). The software package PDS2000 was
used during data acquisition and processing. Tidal correction was applied using the
nearest tide gauge and 1 m resolution seaﬂoor DEM was produced in projected
coordinate UTM, Zone 30 N (WGS84). The DEM was generalised into a 5 m grid, in
order to increase the speed of computational processing; ﬁnally, it was exported into
ESRI grid format and integrated into a Geographic Information System (ArcGIS;
ESRI). The methodology described has been used elsewhere, for other parts of the
Basque continental shelf, for mapping (Galparsoro et al., 2008a) and characterisation of
blast furnace slag disposal areas (Borja et al., 2008b).
2.3. Seaﬂoor morphological feature extraction
The quantitative topographic descriptors of the seabed were obtained from the
DEM. Backscatter information was analysed for seaﬂoor classiﬁcation, but was not
incorporated into the ENFA because the data were not calibrated and the study was
oriented towards seaﬂoor morphology analysis. Ten seaﬂoor morphological features
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were extracted, using the spatial algorithms implemented in an ArcGIS 8.1 3D Analyst
extension and LandSerf 2.3 software (Wood, 2007). Multiscale analysis was performed
with 3 × 3, 9 × 9 and 27 × 27 cell windows (except for the Benthic Position Index; BPI);
this provided an analysis distance of 15 m × 15 m, 45 m × 45 m and 135 m × 135 m,
respectively. Slope was calculated as the maximum rate of change, in degrees, between
each cell and its neighbours. Orientation (i.e. aspect) distribution within the study area
was calculated as the direction of the cell’s slope faces; it was measured in a clockwise
sense, relative to North. This parameter is useful in determining the exposure of the
seaﬂoor to wave ﬂux. Curvature was calculated as a second derivative of the surface.
Planimetric curvature was calculated as the curvature of the surface, perpendicular to
the slope direction. Proﬁle curvature was calculated as the rate of change of slope, for
each of the cells. Benthic Position Index (BPI) was calculated using ArcGIS extension
Benthic Terrain Modeler (BTM), Version 1.0 (Wright et al., 2005). The BPI value
provides an indication of whether any particular pixel forms part of a positive (e.g.,
crest) or negative (e.g., trough) feature, of the surrounding terrain (Wilson et al., 2007).
Two different calculations were undertaken: (i) Broad-Scale BPI, with scale factors of
15, 45, 135 and 500 m; and (ii) Fine-Scale BPI, with an scale factor of 15 m. Rugosity
was calculated also with the BTM extension, cited above. The rugosity was calculated
as a measure of terrain complexity. The BTM measure of rugosity is based upon the
Surface Areas and Elevation Grids ArcView extension, available from Jenness
Enterprises (Jenesse, 2006). Seaﬂoor types were classiﬁed into rocky seaﬂoor and soft
seaﬂoor, on the basis of the interpretation of the MBES information. Finally, Euclidean
distance from rocky seaﬂoor was calculated for the entire study area, using an Euclidean
distance algorithm in ArcGIS.
2.4. Wave ﬂux over the seaﬂoor
The distribution of wave energy over the continental shelf was calculated using a
coastal hydrodynamic numerical modelling software (SMC) (Gonzalez et al., 2007).
SMC consists of a series of numerical programs developed speciﬁcally for the
application of the methodology proposed in the Spanish Beach Nourishment and
Protection Manual. The MOPLA module (GIOC, 2003) is a morphological evolution
model for coastal areas, integrated into the SMC software, from which it receives the
Predicting suitable habitat for the European lobster
99
necessary input data (e.g., bathymetry, wave data, sea-level). Wave data were obtained
from the Comprehensive Ocean Atmospheric Data Set (COADS), supplied through the
US National Centre for Atmospheric Research (NCAR) and the National Oceanic and
Atmospheric Administration (NOAA) (Table 6). This database is used also by the SMC
software.
Table 6. Mean annual wave distribution offshore, along the Basque coast. Data extracted from
the SMC software database (for details, see text).
Swell Sea Calm
Significant height (m) 3 2.1
Sum of all directions that are
not capable of wave propagation, up to the coastPeak period (s) 13 8
Peak direction (º) 297 318
Percentage of occurrence 22 56.6 21.4
Most representative cases were simulated, and waves were propagated up to the
coast. The results were processed to obtain the average wave ﬂux, in Watts per metre of
wave front width, using linear wave theory:
CgHgF  8
2


  L
hTgL 
2tanh2
2
 




 hk
hk
T
LCg 2sinh
212
Lk
 2
where ρ =1025 kg·m-3, g =9.81 m·s-2, H = wave height (in m), Cg = group
celerity (in m·s-1), L = wavelength (in m), T =wave period (in s) and h = water depth (in
m).
The vertical distribution of the ﬂux of the energy (using the linear theory of
waves) has a distribution which is proportional to:
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where z is the vertical position related to the mean level, with positive values
lying upwards.
Thereafter, the average wave energy ﬂux in the ﬁrst metre over the seaﬂoor is
given by:
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where Fswell is the energy ﬂux at the seabed, for a certain geographical location
and for an average swell wave, Fsea is the energy ﬂux at the seabed, for a certain
geographical location and for an average sea wave, Tpswell is the peak period of a swell
wave, Tpsea is the peak period of a sea wave, Pswell is the percentage occurrence of swell,
Psea is the percentage occurrence of sea waves, and ﬁnally Pcalm is the percentage of
calms.
Mean wave ﬂux, per metre of fetch over the ﬁrst metre above the seaﬂoor was
calculated, for all of the continental shelf, using a 20 m grid cell size. Finally, the grid
was resampled to the same resolution as the remainder of the grids, i.e. 5 m. This
procedure does not increase the resolution of the data; besides, it was undertaken to
homogenise and to operate between different layers in the software. Similar tools have
been used previously in investigating the inﬂuence of wave energy, on other benthic
species such as in Pollicipes pollicipes (Borja et al., 2006c).
2.5. Ecological-Niche Factor Analysis and habitat suitability map
production
The ENFA approach, developed by Hirzel et al. (2002) computes suitability
functions by comparing the species distribution in the eco-geographical variables
(EGVs) space, with that of the whole set of cells. For this, independent EGVs describe,
quantitatively, some characteristics for each of the cells. The EGV may represent
topographical features (e.g. altitude, slope), ecological data (e.g. seagrass cover, nitrate
concentration), or human structures, e.g. distance to the nearest coastline, road density.
With respect to more standard techniques, a particular advantage in the use of ENFA is
Predicting suitable habitat for the European lobster
101
that it does not require ‘absence data’. The factor analysis method is applied, to
transform several correlated variables into the same number of uncorrelated factors. As
these factors explain the same amount of the total variance, subsequent analyses may be
restricted to the few important factors, e.g., those explaining the largest part of the
variance, without losing signiﬁcant information. Prior to applying the ENFA a
covariance matrix and a correlation tree were computed, in order to identify the highly
correlated variables, as such to remove them from later analysis, as they are considered
redundant. Following ENFA, the criterion adopted for the selection of the number of
factors was carried out using the ‘broken-stick distribution’ (Hirzel et al., 2002). The
factor analysis may permit the extraction of linear combinations of the original
variables, on which the focal species shows most of its Marginality (M) and
Specialization (S). M represents the ecological distance between the species optimum
and the mean habitat within the reference area (Hirzel et al., 2002). It is deﬁned as the
absolute difference between global mean (mG) and species mean (mS), divided by 1.96
standard deviations ( G) of the global distribution:
G
SG mmM 96.1

M will lie mostly between zero and one. A large value (close to one) means that
the species lives in a very particular habitat, relative to the reference set. The equation is
used mainly to explain the principle of the method. The operational deﬁnition of
Marginality, implemented in the Biomapper 3.2 software, is provided by an equation
which is a multivariate extension of the above equation. Similarly, S is deﬁned as the
ratio of the standard deviation of the global distribution (∂G), to that of the focal species
(∂S):
S
GS 

A randomly selected set of cells may be anticipated to have a Specialization of
one; any value exceeding unity indicates some form of Specialization. In order to
establish which spatial scale was performing best, the ENFA was applied independently
to each analysis scale. After selecting the best analysis scale, in relation to the resulting
Marginality and Specialization, a HS map was produced. The resulting HS map is
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deﬁned as a composition of cells, or pixels, whose quantitative values range from 0 to 1
(Hirzel et al., 2006). These values indicate how close the local environment is to the
species’ optimal conditions; as such, higher values are associated with more suitable
areas.
The HS was calculated using the Medians Algorithm. As no independent data
were available, the predictive accuracy of the suitability maps was evaluated by a Jack-
knife Area-Adjusted Frequency Cross-Validation procedure; it was applied with 10
partitions, together with a random seed, following the method described by Boyce et al.
(2002). This approach produces a conﬁdence interval (of between 0 and 1), around the
predicted accuracy of the habitat model (Skov et al., 2008). Values lying close to 0
indicate low conﬁdence of the model, whereas 1 indicates the best conﬁdence. The
Boyce index provides a predicted-to-expected ratio curve, which offers further insights
into the model quality: robustness, HS resolution, and deviation from randomness. Such
information assists in reclassifying predicted maps, into meaningful HS classes. Thus,
the continuous Boyce index is a reliable measure of ‘presence-only’ based predictions
(Hirzel et al., 2006).
3. Results
3.1. Seaﬂoor morphology
The total area of the seabed characterized was 84.9 km2, with 3,358,221 cells. In
terms of seaﬂoor morphology, eustatic sealevel changes are highly relevant in
controlling the present geomorphology of the area. The water depth range over the study
area lay between 0.5 and 89.3 m, with slope values ranging from 0º, for a sedimentary
seabed, up to a steep slope of 65.5º, for certain rocky beds. A shallow and high
roughness bedrock belt, associated with coastal topography, is dominant; it has a slope
of approximately 10%, following an inﬂexion point at around 32-40 m water depth
(Figure 29). Thereafter, the platform extends offshore, with a milder slope (ranging
between 1.5% and 2%). Over this area, the seaﬂoor roughness is lower and sand patches
occur commonly between the exposed rock strata. In very shallow waters, blocks
originating from coastal cliff erosion processes appear.
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Figure 29. (a) Shaded relief of the digital elevation model derived from the multibeam survey
(black solid lines indicate sampling pot line locations, whilst the dashed lines indicate the
location of the bathymetric proﬁles, shown in (b)). (b) Bathymetric proﬁles with the arrow
indicating the location of the pot deployments (see text for details).
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The seaﬂoor slopes in all directions, but the westerly component (226º)
dominates in response to the reshaping action of waves, over the sedimentary bottom. In
terms of seaﬂoor types, 16.2 km2 were classiﬁed as being rocky (18.1%, of the total
surface), with 67.7 km2 as a sedimentary bottom (75.8%, of the total surface). The
maximum Euclidean distance to rock, for the entire study area, was 1400 m.
The wave ﬂux over the ﬁrst metre from the seaﬂoor varied from 0 kW·h·m−1 (i.e.
areas without wave inﬂuence) to 9 kW·h·m−1 (Figure 30). The most energetic areas
were (i) those oriented towards the NW (main wave front orientation) and (ii) locations
where the water depth decreased dramatically towards the coast, resulting in the
concentration of wave energy.
Figure 30. Wave ﬂux distribution in the ﬁrst metre of the water column above the seabed.
3.2. Lobster presence
Information on the seaﬂoor, together with data on the presence of lobster were
integrated into a GIS (Figure 29). Across each pot line, bathymetric proﬁles were
extracted and the locations of the lines were plotted, together with their associated
bathymetric proﬁles. The pots were located always on the lowest part of a steep slope, at
the boundary with the sandy bottom (revealing a mild slope). The mean water depth of
the lobster catches was 37.5 m. In total, 92 lobsters were caught in 17 pot line
deployments. The average number of lobsters caught along each line was 5.3. Only
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along one of the pot lines lobsters were not caught, indicating the high selectivity of the
locations where the pots were deployed (Table 7).
Table 7. Lobster sampling data obtained in June-August 2007, including the initial and final
position of each pot line, the number of lobsters fished and the water depth.
DATE HOUR
INITIAL
LATITUDE
(North)
INITIAL
LONGITUDE
(West)
FINAL
LATITUDE
(North)
FINAL
LONGITUDE
(West)
NUMBER OF
LOBSTERS
DEPTH
(m)
2007/06/07 8:33 43.31685 -2.07619 43.31608 -2.06955 3 -40.9
2007/06/07 9:13 43.32161 -2.05412 43.31820 -2.05909 2 -39.7
2007/06/07 9:34 43.32430 -2.03369 43.32486 -2.02661 11 -39.7
2007/06/08 7:56 43.32679 -2.02217 43.32533 -2.02655 4 -35.5
2007/06/08 9:59 43.32165 -2.05518 43.31844 -2.05928 8 -40.0
2007/06/12 7:50 43.33712 -1.98339 43.33756 -1.97621 6 -34.8
2007/06/12 9:40 43.34056 -1.91513 43.33994 -1.92449 14 -38.6
2007/06/13 8:26 43.34001 -1.95912 43.33714 -1.94993 5 -30.6
2007/06/13 10:41 43.34154 -1.91262 43.34479 -1.90688 3 -38.0
2007/06/14 6:51 43.34009 -1.95943 43.33987 -1.96548 5 -35.4
2007/06/14 8:24 43.33575 -1.99212 43.33325 -1.99912 9 -33.7
2007/06/20 11:12 43.33787 -1.93242 43.33787 -1.94000 12 -36.5
2007/06/20 12:48 43.34633 -1.90155 43.34393 -1.90983 3 -31.8
2007/06/29 7:23 43.36947 -1.87644 43.36556 -1.88077 1 -34.2
2007/06/29 8:39 43.33963 -1.91857 43.33725 -1.92585 0 -34.2
2007/08/10 7:51 43.33598 -2.00817 43.33522 -2.01197 4 -49.5
2007/08/10 8:45 43.33493 -2.01207 43.33432 -2.01600 2 -44.6
3.3. Ecological-Niche Factor Analysis
The Box-Cox algorithm was applied to normalise the 11 eco-geographic
variables. Since 10 of them were derived from multibeam bathymetric information, a
covariance matrix was calculated for all of the eco-geographical variables in order to
determine which of them were correlated. Variables which were highly correlated are
redundant; as such, not providing additional information for the habitat prediction
model. Proﬁle curvature and plan curvature were removed on the basis of their high
correlation with curvature (r = 0.9 and 0.7, respectively). Fine-Scale BPI was also
removed, due to its correlation with curvature (r = 0.7). Seaﬂoor type was removed from
the analysis, due to its correlation with slope (r =0.7). Although Euclidean distance to
rock was correlated with slope, it was retained for subsequent analyses; this was
because of its signiﬁcance in the presence of lobster. After removing the correlated
variables, 7 eco-geographical variables were incorporated into the ENFA: aspect,
curvature, bathymetry, Broad-Scale BPI, curvature, Euclidean distance to rocky
seaﬂoor, and wave ﬂux over the seaﬂoor. ENFA was applied, individually, for each
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spatial scale of analysis and for the multi-scale analysis. The best results were obtained
at a 3 × 3 scale analysis and, hence, for the maximum resolution analysis (Table 8). The
overall Marginality was 0.983, whilst the overall Specialization was 2.418, with a
tolerance of 0.414. These results indicate that lobster habitat differs considerably from
the mean environmental conditions over the study area; likewise, that it is restrictive in
the range of conditions in which it dwells.
Table 8. Marginality and Specialisation results, after
ENFA, for different scales and multi-scale analysis.
Scale Marginality Specialisation
3x3 0.983 2.418
9x9 1.196 2.138
27x27 1.514 2.261
Multiscale 1.861 1.618
Three factors were retained on the basis of comparison with the ‘broken-stick
distribution’ (Hirzel et al., 2002), accounting for 96% of the information explained.
Marginality alone accounted for 64% of the total Specialization. The environmental
variables that most determined the presence of lobsters, in order of importance, were
distance to rock, Broad-Scale Benthic Position Index, wave ﬂux over the seaﬂoor, and
bathymetry (Table 9). The distribution of the most signiﬁcant variables, in the overall
area and in those with a lobster presence, were compared.
The inverse relationship between lobster presence and distance to rock indicates
a lobster preference for locations near to rock.
The results obtained indicate that lobster capture sites were located at a mean
distance, from rock, of 30 m (±44) (Table 10). On the other hand, lobster capture areas
were associated with a negative BPI (-1.2 ± 2.9), indicating its preference for seaﬂoor
depressions and regions that are topographically lower than the surrounding area of the
seabed. The mean slope value over the lobster presence area was 6º (±6), which is
higher than within the overall area. In terms of wave energy, the mean wave ﬂux value
associated with lobster presence was 0.3 kW·h·m−1(±0.09), indicating areas with higher
values than the overall mean. Moreover, the standard deviation of this parameter is very
low, indicating a very narrow range of values associated with the locations where
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lobsters were observed. Finally, the mean water depth of lobster catchment areas was 37
m (±4).
Table 9. Variance explained by all of the ecological factors. Eigen values (in brackets) are
sorted out by decreasing absolute value of coefficients on the marginality factor. Abbreviations:
Spec. - Specialization; Euclidean dist. - Euclidean distance; BS BPI - Broad Scale Benthic
Position Index; and Wave flux - Wave flux in the first meter over seafloor.
Marginality
(64%)
Spec. 1
(22%)
Spec. 2
(7%)
Spec. 3
(3%)
Spec. 4
(2%)
Spec. 5
(1%)
Spec. 6
(1%)
Spec. 7
(1%)
Euclidean
dist.
(-0.55)
Bathymetry
(-0.86)
Wave flux
(-0.78)
Orientation
(-0.97)
Euclidean
dist.
(0.63)
Shaded relief
(0.90)
Curvature
(0.98)
Slope
(-0.78)
BS BPI
(-0.49)
Euclidean
dist.
(-0.50)
Bathymetry
(0.62)
Shaded relief
(0.22)
Wave flux
(0.48)
Slope
(-0.36)
Slope
(-0.15)
Wave flux
(0.39)
Slope
(0.45)
Wave flux
(0.10)
BS BPI
(-0.11)
Euclidean
dist.
(0.09)
Bathymetry
(-0.39)
Wave flux
(0.19)
Euclidean
dist.
(-0.09)
Euclidean
dist.
(-0.32)
Wave flux
(0.35)
Slope
(-0.05)
Shaded relief
(0.04) Slope(-0.07)
BS BPI
(-0.34)
Bathymetry
(-0.12)
Wave flux
(0.05)
BS BPI
(-0.24)
Bathymetry
(0.34)
Orientation
(-0.02)
Orientation
(0.02)
BS BPI
(0.03)
Slope
(0.32)
Euclidean
dist.
(-0.06)
Bathymetry
(-0.02)
Shaded relief
(-0.20)
Shaded relief
(0.12)
Curvature
(0.01)
Slope
(0.01)
Bathymetry
(-0.01)
Curvature
(0.07)
Orientation
(-0.05)
Orientation
(0.02)
Bathymetry
(-0.15)
Orientation
(-0.08)
Shaded relief
(0.01)
Curvature
(0.01)
Wave flux
(0.01)
Orientation
(-0.02)
Curvature
(-0.05)
Shaded relief
(0.02)
Orientation
(0.05)
Curvature
(0.01)
BS BPI
(0.00)
Euclidean
dist.
(0.01)
Curvature
(0.00)
Shaded relief
(0.00)
BS BPI
(0.03)
BS BPI
(0.01)
Curvature
(-0.05)
Table 10. Distribution of values of the five eco-geographical variables, as identified by ENFA,
to be the most significant for lobster presence. For each variable, maximum, minimum, mean
values and standard deviations were calculated, for the lobster overall and the presence areas.
Overall area Presence areas
Max. Min. Mean
Standard
Deviation Max. Min. Mean
Standard
Deviation
Euclidean distance to rock (m) 3950 0 597 243 158 0 30 44
Broad sacale Benthic Position Index 28 -17 0.5 2.71 9 -7 -1.1 2.9
Slope (º) 65 0 3 3.94 44 0 6 6
Wave flux (kW·h·m-1) 12 0 0.2 0.37 0.63 0.09 0.3 0.09
Bathymetry (m, below Chart Datum) -88 -1 -47 19.6 -47 -30 -37 4.14
The cross-validation of the model quality, for the overall curve, resulted in a
Boyce index of 0.98 ± 0.06; this is indicative of the predictive power of the model, with
‘best-ﬁt’ being obtained for 4 equal-area bins. The HS map was reclassiﬁed, resulting in
a map incorporating a range of values lying between 12 and 88. The HS value of 12-25
accounted for 2,467,396 cells, 25-50 for 531,077 cells, 50-75 for 320,299 cells, and 75-
88 for 17,795,658 cells. This pattern corresponds to 73.9%, 15.9%, 9.6% and 0.6% of
the total surface of the study area, respectively (Figure 31).
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Figure 31. (a) Habitat suitability map for lobster over the whole of the study area. (b) Detail of a
certain area where a semi-transparent habitat suitability map is overlain on the shaded relief of
the digital elevation model.
4. Discussion
The most suitable habitat for the European lobster, within the Basque coast, are
locations lying at the boundary between sedimentary and rocky bottoms. Such areas are
coincident with seaﬂoor depressions with a steep slope, located in water depths ranging
between 35 and 40 m, subjected to medium to high wave energy. These results are
comparable to those obtained by Wilson et al. (2007) for the squat lobster Munida sp. in
terms of the seaﬂoor morphological characteristics that best explain the presence of the
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lobster. The most suitable habitat was found to be on mound summits, covered with
coral rubble. The BPI, together with the mean curvature, were the main eco-geographic
factors contributing to the Marginality of the species. The eco-geographical variables
multi-scale ENFA approach was identiﬁed as providing better results than the one-scale
analysis. In contrast, for the present study, the maximum resolution scale has been
identiﬁed as resulting in the best results. This could be explained by the fact that the
study area is very irregular, especially for the rocky seaﬂoor; thus, increasing the
analysis window appears to homogenise the seaﬂoor features that are representative of
the habitat of the lobster.
The results indicate that the distribution of the European lobster is limited to
depressions within the seabed, near to rocky outcrops. This limitation appears to operate
because lobsters need to avoid currents, created by tidal and wave action (Howard &
Nunny, 1983). European lobsters are distributed in shallower water depths than the
squat lobster. In fact, the food-gathering activity of lobsters is limited to currents of <25
cm·s−1, although they occur commonly in areas where near-bed currents reach, at least,
twice this particular value (Shelton et al., 1981). This observation suggests that bottom
topography is important, not only in providing shelter from predators, thereby reducing
natural mortality, but also increasing the availability of food and the potential for
growth and reproduction (Shelton et al., 1981). This latter author states that Scottish
ﬁshermen found that their pots ﬁshed best on the sides of what they identiﬁed as peaks
on the echosounder; this is because lobsters feed most actively on the lee side of the
ridges. Such an observation is consistent with the ﬁndings of the present investigation.
Karnofsky et al. (1989) have described, for the American lobster, that rocky
areas (incorporating creeks and crevices) appear to be adequate for refuge-ﬁnding.
Lobster is a shelter-dwelling animal, which spends more than 95% of the time in
shelter, whenever possible, this expresses signiﬁcant ﬁdelity to one particular shelter
(Paille et al., 2002). Hence, the physical structure of the habitat is a key factor in
determining both the size and number of its inhabitants (Linnane et al., 2000).
Similarly, spiny lobster density has been found elsewhere to be highest in channels,
followed by hard bottom and patch reefs (Eggleston & Dahlgren, 2001). This
association is because they provide abundant refuges, together with a likely corridor for
migrating juveniles. The presence of sand on the surrounding seabed can facilitate
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shelter-digging under rocks, also for the active hunting of buried prey (Karnofsky et al.,
1989).
The most signiﬁcant eco-geographical variables are indicative of other
ecological variables, which induce the presence of the lobster. For example, Lawton and
Lavalli (1995) concluded that seagrass is a highly complex habitat, providing refuge
from predators and supporting the high abundances of many organisms, which may
serve as food for lobsters. Bello et al. (2005) found that coral-dominated seabed
contained the largest proportion of the preferential habitat, as well as the highest lobster
densities in summer. However, in winter, ﬁshing effort extended to deeper areas of the
reef, due to the diminution of the resource in shallow located areas; this indicates
migratory movements of this specie. In turn, European lobster exhibits low migratory
patterns, as demonstrated in an experiment undertaken by Smith et al. (2001). These
investigations found that 95% of the recaptured lobsters moved less than 3.8 km, from
their original release positions, over periods of up to 862 days. The directional
distribution of the movements appeared to be related to the spatial conﬁguration of the
local lobster habitat, with a marked tendency for offshore movement (Smith et al.,
2001).
For the present study, the quality of the derived model could be considered as
being good according to the accepted statistical test (e.g., Boyce index (Boyce et al.,
2002)). Nonetheless, special care should be taken in the representativeness of the lobster
sampling. The presence of lobster is based upon the location of the lobster ﬁshing areas;
thus, in turn, was undertaken because it was not possible to ﬁsh out of the allocated
period. The bias in sampling (i.e. using ﬁshery-dependent data, from pots located in
similar environments) could inﬂuence the resulting predictive map. In future, a random
deployment of pots would permit patterns to be established across a broader range of
seascape types; as such, any absence data would have been reliable and useful to
enhance the model calibration (Brotons et al., 2004).
The ENFA was created to predict faunal distributions susceptible to erroneous or
‘false’ absences, due to an animal’s ability to disperse or hide during ﬁeld surveys
(Hirzel et al., 2002); in this study, this situation could be comparable to the
‘catchability’ of the lobster. Hence, the ENFA is an alternative approach to modelling
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species potential distributions, when there is no reliable absence data (Zaniewski et al.,
2002). Differences in the lobster captures can be related to three factors:
(i) the availability of the resource, (ii) empirical knowledge of ﬁshermen, about
lobster habitat, and (iii) the effort needed to catch the lobsters (Bello et al., 2005). In our
case, the experience of ﬁshermen has demonstrated good knowledge of the preferred
lobster habitats. The presence of lobster is restricted to certain areas, with particular
environmental characteristics that have been delimited and described, on the basis of
ENFA.
Some authors have determined habitat suitability for ﬁsh and invertebrate
species, including American lobster in terms of surface area, based upon GIS
approaches (Brown et al., 2000). Nonetheless, the use of approaches such as ENFA
permits the inclusion of other environmental variables, making the analysis more
powerful; the abundance and population structure of lobsters appeared, elsewhere, to be
determined largely by environmental conditions and HS (Pulfrich et al., 2003).
Future studies include random sampling for model quality estimation and the
application of other statistical techniques for the comparison of results. The inclusion of
new environmental variables should be considered, such as, calibrated backscatter
information and other oceanographic variables (water currents, temperature or wind).
Habitat models are important tools for understanding the ecological niche of a
particular species. However, these must be considered carefully if they are intended to
represent reality, providing information on the need for improved resource management
and habitat conservation (Etnoyer & Morgan, 2007). As highlighted by Butler (2005),
ﬁshery and environmental managers are faced with multiple, often conﬂicting, demands
of resource users, politicians and scientists, when considering strategies for resource
management. Hence, the use of ‘envelope-based’ approaches, such as the ENFA,
permits the integration of environmental and biological data, to better understand
benthic resource distribution and habitat suitability.
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Selecting suitable areas for wave energy converters
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Chapter V
Implications of the results for Integrated Coastal Zone
Management: A Marine Spatial Planning approach to select
suitable areas for installing wave energy converters (WECs)
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1. Introduction
Recently, considerable interest has been raised in the increase and diversification
of renewable energy production (European Commision, 2001; WEC, 2010).
Approaches for estimating the potential renewable energy resources have been
developed, mainly on land (Ramachandra & Shruthi, 2007), for wind farms (Belmonte
et al., 2009), solar (Arán Carrión et al., 2008), biomass, or hydraulic power. Space
limitations, due to installation requirements of renewable energy-harnessing devices on
land (i.e. solar and wind energy), have promoted research into marine offshore
renewable energy sources (Bernhoff et al., 2006; Clément et al., 2002; Defne et al.,
2009). Some studies have been carried out based upon established technologies, such as
wind energy captors, and developing new technologies such as Wave Energy
Converters (WECs) (Agamloh et al., 2008a, b; Falnes, 2007; Tseng et al., 2000; Wilson
& Beyene, 2007) and wave energy production development planning (Izadparast &
Niedzwecki, 2011; Nobre et al., 2009; Wilson & Beyene, 2007).
At present, it is considered that marine renewable energy production technology
(mainly from waves and currents) is still 10-15 years behind that of wind energy
(Mueller & Wallace, 2008). The global energy resource of swell waves in deep waters
(i.e. over 100 m depth), is estimated to be approx. 1-10 TW (Panicker, 1976), with a
value for the exploitable resource of approximately 2,000 TW·h (Cornett, 2008; WEC,
2010). The wave climate along the western coast of Europe is characterised by
particularly high energy (Clément et al., 2002). Recent studies assign, for the area of the
northeastern Atlantic (including the North Sea) an available wave power resource of
about 290 GW (Pontes et al., 1998). A total wave energy was found to range from 128.6
MWh to 438.9 MW·h, over an average year along the Galician coast (NW of Spain)
(Iglesias et al., 2009). Moreover, within the SE Bay of Biscay (with the exception of the
coastal buoys), annual wave energy exceed 200 MW·h·m-1 in an average year, whilst
average wave power values are in the region of 25 kW·m-1 (Iglesias & Carballo, 2010).
In shallow water areas, swell is likely to partially lose its strength, unless a
particular seafloor topography causes wave energy concentration within certain coastal
areas (Pousa, 1995). In this respect, installation of WECs is more feasible in these
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inshore areas, in terms of energy transfer to land; this is due to the limited distances to
the coast. In addition, it is claimed that once WECs are fully developed, the exploitable
resource is estimated to be 104 to 750 TWh/year (Wavenet, 2003); likewise, that it is
likely to reach 2000 TWh/year, i.e., approx. 10% of the world’s power consumption,
given an investment of 820 million Euros (Thorpe, 1999a). According to Jones and
Rowley (2002), the growth of industry producing energy from waves could reach 100
million dollars per year, by 2010. Considering power demand to be 1 TW (IEA, 2004),
the energy produced from waves has a relevant potential in its contribution to this
global energy demand (Prest et al., 2007).
Within the present context of the development of new uses in marine
environment, such as renewable energy (Douvere & Ehler, 2009a), the selection of the
most suitable areas to install WECs, should involve a Marine Spatial Planning (MSP)
process (European Commision, 2010). The MSP is a public process of analysing and
allocating the spatial and temporal distribution of human activities in marine areas, to
achieve ecological, economic, and social objectives that are specified usually through a
political process (Ehler & Douvere, 2009; European Commision, 2008b).
In terms of energy production development, initially one-criteria approaches
were used for planning purposes, focused upon demand forecast and the search for
efficient low-cost supply forms. However, more recently, the need to incorporate social
impact and environmental aspects, on energy production planning has been raised; this
has encouraged the use of multi-criteria decision techniques (Spaulding et al., 2010;
Terrados et al., 2007). Thus, when selecting the location for a wave farm, the wave
energy potential is not the only aspect to be considered. The proximity to a port, with
facilities for servicing and repairing the wave energy converters, the non-interference
with major shipping routes or navigation channels into ports, together with the
minimisation of the impact to the marine environment (i.e. changes in hydrodynamic,
impacts on biodiversity) are major considerations (Iglesias et al., 2009; Langhamer,
2010; Shields et al., 2011). Thus, spatial management aims to provide a mechanism to
achieve consensus among all sectors operating in a particular area (Pomeroy &
Douvere, 2008). Specifically, it involves `decision-making´ in terms of allocating parts
of the three-dimensional marine spaces to specific uses, to achieve stated technical,
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ecological, economic and social objectives (Johnstone et al., 2006; Nobre et al., 2009;
Pomeroy & Douvere, 2008).
The first step of the MSP process is gathering together all the information
capable of conditioning, or influencing, the decision-making process on installing
WECs. This process should take into account, among other aspects, the potential
conflicts with other uses, the unfeasibility of administrative procedures, or the lack of
any economical benefit of the exploitation. The aforementioned information require the
use of Geographical Information Systems (GIS) for the integration, representation and
multi-criteria analysis of spatial data (Jankowski, 1995). Besides, identification of
suitable areas to install WECs can be achieved using several different GIS tools, in
relation to a deeper understanding of the geographical features of the surroundings; this
is likely to minimise both the environmental impact on the area, together with
installation and maintenance costs (Nobre et al., 2009; Prest et al., 2007).
The vulnerability of the Basque coast and its marine environment, to
demographic pressure, the overexploitation of resources and the high human use of
marine space (Borja et al., 2006a; Cearreta et al., 2004), makes it necessary to approach
the marine energy production development planning in an integrated way (Sanò et al.,
2010). Thus, the objective of this paper is the identification of areas suitable for
installing WECs along the Basque coast, by combining an MSP approach and GIS tools.
In order to address this objective, a Suitability Index for installing WECs has been
developed; this takes into account the existing technical, environmental and socio-
economic restrictions, in an integrative way. Moreover, the accessible energy potential
and the technically-exploitable energy potential were estimated considering the present
state-of-the-art of the WECs technology. The results of this study are a useful source of
information for wave energy developers and environmental managers, to identify sites
which are, a priori, the most suitable; subsequently, to undertake the necessary detailed
studies and surveys, of these particular sites.
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2. Material and methods
2.1. Study area and oceanographic setting
The study area covers the Basque continental shelf, from the 10 m isobath to a
100 m water depth, referred to the Mean Sea level in Alicante, with a total area of 1025
km2 (Figure 32). The area borders France to the east (1º 46’ 50’’ W) and the region of
Cantabria (Spain) to the west (3º 9’ 13’’ W). The total length of the coast is
approximately 150 km. A detailed characterisation of the seascapes and morphology of
the Basque inner and middle continental shelf can be found in Galparsoro et al. (2010).
Figure 32. Study area location within the Bay of Biscay (bathymetry in meters).
The wave climate along the Basque coast is related directly to its geographical
setting within the Bay of Biscay and the northeastern Atlantic (Dupuis et al., 2006). Due
to the orientation and location of the coast, in relation to the low-pressure systems
which develop in the transitional area between the high-pressure region of Azores and
the sub-Arctic low pressures, the Basque area is exposed to large fetches. These fetches
extend to distances of more than 1,500 km, from the centre of the low-pressure areas
located frequently to the northwest of the British Isles and Iceland (González et al.,
2004).
The Basque continental shelf is exposed to a wide variety of sea conditions, both
in relation to wave height (Hs, significant wave height, as the average of one third of the
highest waves within a record), and peak period (Tp, as a period when the spectral
density function reaches its maximum value). The wave climate affecting the study area
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has been obtained from the Bilbao-Vizcaya offshore buoy (3° 2.81’W 43° 38.70’N;
Puertos del Estado, (2007)). On the basis of these data, statistical analysis of wave
directions has shown: that waves of the swell typology (long period waves) predominate
in the northwestern sector (25%), coinciding with higher waves (Liria et al., 2009); and
that 77% of the waves originate from the fourth quadrant (Figure 33) (González et al.,
2004). The wave regime, in terms of energy flux in the open sea for the period of the
record (1992-2007), represents an average value of 24 kW (per linear metre of wave
front), which represents approximately 210 MW·h per year.
Figure 33. Significant wave height, based upon Bilbao-Vizcaya buoy
records (modified from Puertos del Estado, (2007)).
2.2. Suitability Index development
In order to establish the most suitable areas to install WECs, a Suitability Index
(SI) for WECs installation was developed. The SI combines a number of factors that
exclude, limit or enable the WECs installation according to certain criteria. The SI value
is a spatially-based (x,y) value, obtained by operating with all of the layers representing
the spatial distribution of the factors considered. The SI calculation can be represented
as follows:
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This index was designed to range between 0 value (for unsuitable areas) and a
maximum value of 100 (for very suitable areas, i.e. with a highly powerful recurrent
swell and no conflict with other technical, environmental or socio-economic factors).
In order to apply the index, firstly the environmental, technical and socio-
economic factors were transformed into a 20 m horizontal resolution grid layer; then
classified into limiting or exclusion factors. Subsequently, all of the exclusion factors
were transformed into Boolean layers, with "0" value for cells representing an excluding
area (e.g., a Marine Protected Area-MPA), and a value of "1" for non-excluding cells.
The resulting SI value would be "0", which means that, that area is not suitable for
WECs installation, independent of the value of remainder of the factors considered. The
rest of the layers were generated according to each limiting factor, with a range of
spatially-variable values lying between 0 and 1 in consideration of the limiting degree
of each factor (e.g., intensity of wave energy, or distance to harbours) and expert
judgment, if required. Once all of the factor layers were classified, as limiting or
excluding and quantitative values were assigned, the final SI was calculated on the basis
of map algebra (using ArcGIS 9.2 and the aforementioned formulae).
2.2.1. Technical factors
Assessment criteria for data layers concerning technical factors are described
below.
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1. Wave energy flux, which consists of a grid covering the whole of the study
area. The flux distribution in the study area was calculated from data
derived from a wave atlas developed by the University of Cantabria
(Mera, 2005) (Figure 34). The annual average flux magnitude and
direction were available, for discrete locations at 30 m, 60 m, 100 m and
deep water depths. Subsequently, the wave flux magnitude and direction
was interpolated at a 400 m resolution grid and resampled to 20 m
resolution grid, in order to homogenise such information with the
remainder of the layers (Figure 35). The average energy flux (per metre
width of wave front), over the survey area, ranges between 8.24 and 27.09
kW·m-1. The values obtained were turned then into an energy flux index,
dividing the flux value at each grid cell by the maximum; thus, the
resulting layer varied from 0.3 (least energy) and 1 (most energy).
2. Depth range was considered as a technical factor, as it could influence the
selection of suitable areas for WECs installation. The area of the
continental shelf, ranging between 10 m and 100 m water depths, was
considered for the analysis; meanwhile, deeper water areas were
considered as an exclusion factor because of the technical difficulties that
could be associated with the installation of WECs at deeper water depths.
Estuary zones were classified also as exclusion zones, because of the
inappropriateness of these areas for wave energy harnessing.
Figure 34. Spatial distribution of the mean wave energy flux over the Basque continental shelf
and wave climatology information locations (modified from Mera, (2005) (bathymetry in
meters).
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Figure 35. (A) mean wave energy flux vector (with magnitude and direction), over a part of the
Basque continental shelf; (B) location of the area, within the Basque continental shelf.
3. Vessels anchoring sites and access channels to the main commercial
harbours (Pasajes and Bilbao) were considered as exclusion factors,
because of the incompatibility of both activities; thus, an 0 value was
assigned to the cells covering such locations (Figure 36).
Figure 36. Map showing the technical factor layers considered in the SI calculation (for details,
see text - bathymetry in meters).
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4. The remainder of the harbours along the Basque coastline are minor
harbours, as they are not subjected to any navigation regulations.
However, a 500 m wide access channel was considered as an exclusion
zone (0 value), in front of each of the port entrances. In this way, such
port access channels would receive a 0 value in the final SI map and,
consequently, would be excluded from being suitable for the installation
of WECs.
5. A buffer of 500 m width around underwater cable layouts, was considered
as an exclusion zone (0 value), because of the possibility of damage to the
cables during the installation of WECs.
6. For underwater pipelines, the exclusion area was considered to
incorporate 250 m on either side of the pipeline. These types of
infrastructure and the WECs installation were considered also
incompatible, because of the potential interference between them. Four
pipelines were identified within the study area:
o gas pipeline to the La Gaviota platform;
o a water intake for a fish factory;
o an underwater waste-water emissary; and
o two underwater waste water discharges.
7. The dredged material dumping areas were considered as an exclusion
factor. Such zones are designated and used periodically for dredging
material disposal from harbour draft maintenance; as such, it was not
possible to occupy them with WECs.
8. The marine sand extraction areas were considered as an exclusion factor,
in the analysis. At the time of this study, there was only a single site
designated for this particular use. This zone is considered as a reservoir of
sand for beach nourishment, so it should be maintained free from other
uses.
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9. Seafloor typology, with the existing data covering the whole continental
shelf, between water depths of 5 m and 50 m (Iberinsa, 1990, 1994). The
seabed was classified into sedimentary and rocky seafloor. Sedimentary
seafloor was assigned an index value of 1, whilst rocky seafloor was
considered as limiting and an index value of 0.5 was assigned. This latter
value was assigned on the basis that the analysis was carried out for
anchored WEC technologies and, as such, the installation of such systems
is facilitated more easily on a sedimentary seafloor. For the remainder of
the study area, where no seafloor typology information was available, a
value of 0.5 was assigned. This would reduce the final SI value for areas
lacking such information.
10. Distance to harbours: Bilbao and Pasajes are the two largest ports in the
Basque country and the unique ones which could host the infrastructure
required for the WECs offshore installation together with other logistics.
One layer was generated with the weighted values lying between 0 and 1,
representing the minimum distance of each grid cell of the study area, to
the nearest harbour. The maximum distance was 49 km and the minimum
0 (at the harbour entrance). This index was calculated using the formula
(50-distance)/50. Therefore, the distance index varied linearly from 1 (in
the entrance of the harbour) down to 0.02 (which corresponds to the
maximum distance grid cell at 49 km).
2.2.2. Environmental factors
As stated by Bald et al. (2010a), both the construction and
exploitation/operation of WEC projects are, a priori, considered as incompatible
with habitats, or species of interest for conservation purposes in areas protected by
legislation. Thus, MPAs (including protected natural sites, protected biotopes and
special protection areas), were considered as an exclusion factor. The factors
outlined below were identified (see Figure 37):
Chapter V
124
1. Protected Natural Site: the protected biotope known as Gaztelugatxe
(Decree 229/1998, of 15th September, declaring the area of Gaztelugatxe
as a protected biotope).
2. Protected biotope (BOPV; Decree 34/2009 of 10th February, 2009) and
Spatial Planning of the Natural Resources on the coastline, between Deba
and Zumaia (BOPV; Decree 33/2009 of 10th February, 2009).
3. Special Protection Areas for Wild Birds (Code: ES0000144), which covers
the coastline between Ogoño’s Cape and Gaztelugatxe.
4. The influence of WECs on sediment dynamics and adjacent beach
morphology was considered as a limiting factor. To establish the area that
potentially could be affected by WECs, every beach and associated
underwater sandbank was delimited, considering the module and wave
flux direction over the continental shelf. An index of 0.5 was assigned to
the areas influenced (Figure 35).
Figure 37. Map showing the environmental factor layers considered in the SI calculation
(bathymetry in meters).
2.2.3. Socio-economic factors
None of the layers related to socio-economic factors were considered as
being exclusion factors. In all cases, a medium limiting value (0.5) was assigned to
each of the identified sectors, as more detailed information was not available. As the
influence of each limiting factor on the final SI value lowers the resulting suitability
value, the SI value also reduces as the number of limiting factors increases, in a
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particular location. The collated information layers are listed and described below
(Figure 7).
1. Fisheries: even though the entire Basque continental shelf can be
considered as being of interest for fisheries, there are certain sites where this
activity has been traditionally more active. These are related mainly to
inshore fisheries, such as long-rope fishing, short-rope fishing, pot lines and
creels. These areas were delimited spatially and a value of 0.5 was assigned;
for the remainder of the area, a value of 1 was assigned.
2. Zones with Gelidium corneum algae: this red seaweed is an economically
exploited natural resource and is biologically important in terms of
biodiversity. It is found generally over a rocky seafloor, up to a maximum
depth of approx. 20 m (Borja, 1987d, 1988). An index value of 0.5 was
assigned, in order to influence the final SI by lowering its value.
3. Bathing zones: WECs may affect sediment dynamics and coastal
morphology, and hence, sandy beaches used for bathing or surfing. Thus, an
index value of 0.5 was assigned to the main bathing zones, in order to lower
the final SI value.
Figure 38. Map showing the socio-economic factor layers considered in the SI calculation (for
details see text – bathymetry in meters).
3. Results
A total of 17 technical, environmental and socio-economical factors, influencing
potentially the suitability of WECs installation locations, have been analysed in this
study. In terms of technical factors (Figure 36), the two largest ports in the Basque
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country (Bilbao and Pasajes) are unique in the sense that they could host the
infrastructure required for the installation of WECs offshore. Such locations lie near to
the areas facing the higher wave energy potential (Figure 35); these could be translated
into a high energy production and a reduction of the costs of transport of material and
maintenance of WECs. In contrast, the areas surrounding to these harbours
accommodate intense activities, such as navigation regulations, anchoring areas, or
dredged material disposal sites. Such uses make these areas unsuitable for WECs
activity and are associated with high exclusion areas for their installation.
In terms of environmental factors, the designated MPAs are not associated with
locations of high wave energy; thus, areas facing the maximum wave energy are not
affected by this exclusion factor (Figure 37). In contrast, the areas that could be affected
potentially by hydrodynamic condition changes induced by WECs performance, is quite
extensive. Nevertheless, this was classified as a limiting factor which influences the
final SI value.
In terms of socio-economical factors, the sector that occupies the larger surface
area is traditional fishing activity (Figure 38). Such activity was classified as a limiting
factor, in order to reduce the final SI value; it is a factor that should be taken into
account in the final decision of WEC installation location. On the other hand, the spatial
distribution of Gelidium corneum algae is located mainly within a range of water depths
that it does not account for a large surface area, in relation to the remainder of the study
area. Nevertheless, the greatest biomass of this alga is located in the coastal sectors,
facing higher wave energy; it has been considered as a limiting factor.
The analysis of all the considered factors, together with the wave energy flux
distribution, indicates that the highest mean values of accessible wave energy (after the
exclusion of areas incompatible with WECs) over the Basque continental shelf, relative
to the 30, 60 and 100 m isobaths, are located in the segments oriented towards the west
(the swell-facing direction): values are around 20 and 26 kWm-l for the coastal section
between Bilbao and Matxitxako Cape, and Orio and Higuer Cape (Figure 39). The
average flux reaches a maximum value of 22 kWm-l. Thus, the annual wave energy
potential along the entire Basque continental shelf, at average water depths of 30 m, 60
m and 100 m, is 13.24 TWh; 13.39 TWh and 11.94 TWh, respectively (Table 11).
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Moreover, the accessible energy potential (for areas not affected by exclusion factors),
for the same isobaths, is 9.48 TWh; 11.95 TWh and 11.28 TWh respectively (Table 11).
Figure 39. Mean accessible wave energy flux passing perpendicularly through the 30 m, 60 m
and 100 m isobaths.
On the other hand, the spatial distribution of the SI values shows that the most
suitable zones to install WECs are located on the continental shelf sectors between
Bilbao and Matxitxako Cape and between Orio and Higuer Cape (Figure 40). The high
SI values in these areas are created mainly because they face the higher amount of swell
wave energy in the study area (Figure 39).
In addition, it has to be noted that the highest SI values occur in shallow water
depths. The deeper water areas are, generally, less accessible and less well explored,
which makes the installation much more difficult and reduces the resulting SI value. In
contrast, for each SI value at the 30 m, 60 m and 100 m isobaths, the exclusion areas
(index value 0) represent approximately 28%, 11% and 6% of the total length of each
isobath, respectively (Table 11). This pattern is created mainly because both, the
existing MPAs and the main human activities are located in shallow water depths.
Consequently, the most suitable areas for the installation of WECs are identified as
being along wave-exposed segments of the continental shelf, in average water depths of
around 60 m (Table 11); this is mainly because there are several areas of exclusion and
conflicts of uses, in shallow water depths (Figure 40).
The estimated SI shows that 16% of the Basque continental shelf is incompatible
with wave energy capture activities, whilst 65% of the study area showed an index
value of between 65 and 85 (Table 12), indicating the suitability of this area for WECs
installation.
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Table 11. Annual wave energy potential and accessible energy potential (areas not affected by
exclusion factors), according to 30 m, 60 m and 100 m water depth (normal power to the
isobath) considering different values of the Wave Energy Converter installation Suitability
Index (SI).
SI
30 m 60 m 100 m
Annual
Power
(TWh)
% of the
theoretical
total wave
power
Annual
Power
(TWh)
% of the
theoretical
total wave
power
Annual
Power
(TWh)
% of the
theoretical
total wave
power
0 3.76 28.18 1.44 10.66 0.66 5.56
5 0 0 0 0 0 0
10 0 0 0 0 0 0
15 0 0 0 0 0 0
20 0 0 0 0 0 0
25 0 0 0 0 0 0
30 0 0 0 0 0 0
35 0 0 0 0 0 0
40 0.05 0.38 0.11 0.78 0 0
45 0 0 0 0 0 0
50 0.19 1.42 0.38 2.86 0 0
55 0.04 0.27 0.15 1.12 0.49 4.12
60 1.39 10.50 1.49 11.13 0.78 6.53
65 0.25 1.86 1.99 14.86 1.07 8.95
70 1.69 12.75 2.14 16.01 3.47 29.08
75 1.93 14.55 3.22 24.05 2.18 18.30
80 2.83 21.40 2.18 16.31 3.28 27.46
85 0.61 4.57 0.30 2.23 0 0
90 0.55 4.13 0 0 0 0
95 0 0 0 0 0 0
100 0 0 0 0 0 0
TOTAL 13.24 100 13.39 100 11.94 100
Accessible 9.48 72 11.95 89 11.28 94
Figure 40. Spatial distribution of the calculated Suitability Index over the Basque continental
shelf.
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Table 12. Area corresponding to each of
the Suitability Index (SI) values and the
percentage of the total surface of the study
area.
SI value Area(km2)
% of the total
survey area
0 161 16
40 3 0
45 1 0
50 32 3
55 56 5
60 99 10
65 142 14
70 186 18
75 120 12
80 169 16
85 46 5
90 6 1
95 2 0
TOTAL 1,025 100
4. Discussion
The results obtained in this study provide: (i) a method to identify the most
suitable sites to install WECs, based upon a multi-criteria decision technique; and (ii) its
use for the calculation of the distribution of the accessible wave energy potential along
the Basque continental shelf. To achieve this result, the most significant sectors and
activities in marine environment have been identified (Ehler & Douvere, 2009), whilst
their geographical distribution has been delimited. The sectors affecting, in some way,
the suitability of an area for WECs installation, have been classified into technical,
environmental and socio-economical factors (Nobre et al., 2009). The resulting SI map
shows the areas most suitable for WECs installation on the Basque continental shelf.
Nevertheless, the final decision on installation requires the inclusion of other aspects,
which could influence in the decision; these could be achieved by means of a fully-
developed and on-going MSP. Information such as marine navigation routes,
recreational activities or archaeologically-interesting areas, should also be taken into
account (Ehler & Douvere, 2009). Moreover, conflicts with other uses, such as leisure
or fishing activities, should also be investigated and evaluated, by stakeholder
participation and involvement (Pomeroy & Douvere, 2008). These aspects have not
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been considered here because of the difficulty of collating reliable information and the
mapping of their spatial distribution. Thus, the final decision of selecting an area for
WECs installation would require a more detailed socio-economical impact analysis
(Allan et al., 2008).
On the other hand, it should be noted that the type of analysis carried out has
required making certain assumptions and expert judgement; this is especially the case
when a certain value has been assigned to the limiting factors, or when a certain activity
has been mapped, (e.g. the spatial distribution of fisheries activity and information on
its intensity is scarce for the study area). This limitation makes the calculated final SI
value somewhat uncertain and specific for the case study; therefore, the resulting SI
map could be assumed to be accurate at a regional scale, but localised analysis would be
required for a more accurate analysis of conflict or social impacts (Gilliland & Laffoley,
2008).
In contrast, the flexibility of the SI calculation method permits: (i) the
incorporation of new data representing factors not considered at this first-step of the
`suitable area´ selection; and (ii) the production of new scenarios, by means of assigning
new coefficient values to the limiting factors, in order to calculate its effect on the final
SI value. This approach relates, for example, to the assignation of different limiting
values to the seafloor type, when the SI is calculated for a certain WEC technology
installation and its specific requirements are known. Moreover, as the WEC´s
technology develops and their performance is known, such a technical factor could be
taken also into account for the accessible technical wave energy potential calculation,
for each WEC technology. The same approach could be adopted for the other socio-
economical factors, giving different weight to them, by assigning a higher or a lower
index to the selected factor together with its importance in each activity area.
Thus, the method developed and, consequently, the results obtained are
considered as being appropriate for stakeholders and decision-makers to pre-select
adequate areas for WECs installation; this was the main objective of the investigation.
However, it could be considered also that this as a first-step towards a MSP for the
Basque continental shelf. Moreover, such initiatives in spatial planning to marine
renewable energies management are valuable source of information for the sustainable
use of marine `goods and services´; as such, they can contribute to the application of
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Marine Strategy Framework Directive (European Commision, 2008a) and vice-versa
(European Commision, 2010). WECs are likely to cause an environmental impact on
various ecosystem components (Borja et al., 2011; European Commision, 2008a);
amongst others, physical (e.g., changes in the prevailing hydrodynamic regime or
sediment dynamics, (Shields et al., 2011)), biological (e.g., noises which may disturb
the local fauna (Dolman & Simmonds, 2010), physical changes which can disturb the
benthic communities (Langhamer, 2010) and socio-economic elements. Thus, such
energy harnessing might cause an environmental impact, with the ecological
implications being still uncertain (Awatea, 2008; Bald et al., 2010a; Michel et al., 2007;
Shields et al., 2011; Thorpe, 1999b); which incorporates uncertainty into the selection
of suitable locations for WECs installation, when minimizing the environmental impact.
It has to be highlighted that the final decision to select a suitable specific site to
install WECs, requires a comprehensive approach, to calculate accurately the
exploitable energy, by means of: (i) oceanographic and meteorological surveys; (ii) the
selection of the most suitable WECs and their performance; and (iii) surveys to
characterise the seafloor (e.g. bathymetry, seafloor typology, lithology, geomorphology,
geophysics and geotechnical analysis). Other specific factors influencing the WECs
installations could play an important role and should be also taken into account. This
recommendation is the case for the power grid connection of the electricity produced, or
the suitability of the near-coastal zones for other required onshore infrastructures related
to wave energy production (Nobre et al., 2009; Prest et al., 2007). In Figure 41 a four-
step procedure, for the final selection of WECs installation is proposed.
An adaptive approach for planning and management is recommended also, to
deal with uncertainty and to incorporate various types of changes (e.g. environmental,
such as climate change, or changes in political priorities) (Douvere & Ehler, 2010).
Within this framework, and taking into account that (at present), there is very little
experience of electricity generation from wave energy (Rourke et al., 2009), an initial
strategy should be aimed at the selecting the areas with the highest energy potential, i.e.
considering that the device performances have not yet been optimised. Thus, initially,
areas with the highest SI values should be selected. With the future development of
converters, their performance will be enhanced and energy resource will, therefore, be
best harnessed in areas with less swell incidence and lower SI values.
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Figure 41. Four-step procedure for the final selection of locations for WECs installation.
Thus, it is proposed that the development of the marine wave energy from the
Basque continental shelf should be achieved within a framework of a series of phases,
as outlined below:
Phase 1: development in areas of high SI values, i.e. the area offshore of the
coastal section between Bilbao and Matxitxako Cape, and between Orio and Higer Cape
(see Figure 39 for cited locations). These areas are characterised by having considerable
exposure to waves, suitable for the installation of `technologically–young´ WECs, with
low performances. The accessible energy potential of these areas (considering zones
without exclusion factors), represents 34.6% of the total energy potential of the 60 m
isobath. This observation means that the energy generation can be equal to between
13% and 17% of the Basque Country’s domestic consumption (from 127,000 to
160,000 households), according to the estimated performance of the present most-
advanced WECs (accessible technical energy potential).
Phase 2: development in areas close to those considered in Phase 1 and with the
same geographical orientation, but located farther offshore; therefore, less accessible
(i.e. lying close to 100 m water depth). In this case, the accessible energy potential
represents 15.2% of the total technical energy potential. Thus, the energy generation can
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be between 5.6% and 7.6% of the Basque Country’s domestic consumption (from
57,500 to 75,500 households), according to the estimated performance of the present
most advanced WECs.
Phase 3: development in areas of low SI values. Sites where wave exposure is
not particularly high, but located in areas with a low quantity of restrictions and
conflicts with other uses; consequently, in zones where the installation of devices would
be more easily handled. The accessible energy potential at these sites represents 3.9% of
the total technical energetic potential of the 60 m isobath. As such, the energy
generation could be equal to 1.4% or 2% of the Basque Country’s domestic
consumption (from 15,000 to 18,000 households) according, to the estimated
performance of the most advanced WEC technologies (at present).
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Discusión
En los últimos 10 años se ha asistido a un desarrollo no conocido anteriormente
en el campo del mapeo de los hábitats bentónicos. En una reciente y completa revisión
del estado del arte Brown et al. (2011) determinan la rápida evolución de las técnicas de
teledetección, asociadas a la caracterización de hábitats bentónicos, junto con la
sofisticación en los métodos de mapeo, fundamentalmente basados en el desarrollo de
herramientas acústicas. Dichos autores categorizan las estrategias de caracterización en
tres niveles: (i) el mapeo de características (surrogates) abióticas; (ii) la determinación
de comunidades primero y la predicción posterior (clasificación no supervisada); y (iii)
la predicción primero y la derivación de comunidades posteriormente (clasificación
supervisada). Aunque actualmente no hay consenso en la mejor estrategia para producir
mapas de hábitats, resulta claro que todas ellas proporcionan valiosos mapas para
apoyar los objetivos de gestión.
En este sentido, la investigación presentada en esta Tesis Doctoral permite un
importante avance científico en el conocimiento de los fondos marinos y hábitats
bentónicos de la plataforma continental vasca, pero también en algunos de sus
componentes ecosistémicos más importantes. Además de esto, cabe destacar que los
resultados obtenidos se consideran de gran utilidad para la Gestión Integrada de Zonas
Costeras y la toma de decisiones basada en el conocimiento científico, a través de las
nuevas herramientas de gestión como la Directiva de la Estrategia Marina Europea
(DEME) (Borja et al., 2011; European Commision, 2008a) y la Planificación Espacial
Marina (PEM) (European Commision, 2010; Galparsoro et al., in press-b). En la Figura
42 se presenta un diagrama de flujo en el que se representa la forma en la que las
diferentes fuentes de información han sido integradas para la obtención de varios
resultados de carácter cartográfico. Tal y como se ha descrito a lo largo de los cinco
capítulos de la presente Tesis Doctoral, el primer paso ha sido la caracterización y
producción de un mapa morfosedimentario de la plataforma continental vasca; a
continuación, se integró la información bentónica para producir un mapa de hábitats
bentónicos y posteriormente, se generó un modelo de hábitat basado en los procesos que
acaecen en el medio marino.
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Figura 42. Diagrama de flujo en el que se representa la forma en la que se ha desarrollado la
investigación. Los rectángulos con marco rojo representan los resultados obtenidos y descritos
en cada uno de los capítulos de la Tesis y su contribución hacia la Planificación Espacial Marina
y la Gestión Integrada de Zonas Costeras.
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Posteriormente, la integración de datos de presencia de una especie de estudio,
en este caso datos de capturas de bogavante, permitió generar un mapa de distribución
potencial del bogavante para un sector de la costa vasca. Este tipo de modelos se está
extendiendo actualmente a otras especies y hábitats (Valle et al., en prensa). Finalmente,
se ha desarrollado un método que permite seleccionar ubicaciones propicias para una
determinada actividad humana, en este caso la instalación de captadores de energía del
oleaje, en el que se han integrado datos ambientales, factores técnicos restrictivos para
dicha actividad y aspectos socioeconómicos. Los resultados obtenidos en la presente
Tesis Doctoral se vienen empleando como base de conocimiento para el cumplimiento
de algunas de las Directivas Europeas, tales como la DEME y Hábitats (European
Commision, 1992), y en un futuro próximo, se prevé su empleo para la propuesta de una
Planificación Espacial Marina para la costa vasca.
En relación con estas herramientas de gestión, a continuación se describen
algunos aspectos de la gestión del medio marino para los cuales se vienen empleando la
información y el conocimiento obtenido en el presente trabajo y se finaliza con un
análisis de prospectiva de los aspectos de la presente investigación.
Interés científico y conservación de la naturaleza
El conocimiento de las características morfológicas, biológicas y de los hábitats
servirá para la selección, definición y justificación de las propuestas de Lugares de
Interés Comunitario para la conservación que cada país miembro debe trasladar a la
Comunidad Europea en el proceso de implementación de la Directiva Hábitats y en el
establecimiento de la Red Natura2000 (European Commision, 1992). A escala local,
ha sido empleado para la justificación de la declaración del biotopo protegido del tramo
litoral entre Deba y Zumaia (Decreto 34/2009, de 10 de febrero, por el que se declara
Biotopo Protegido el tramo litoral Deba-Zumaia), se han caracterizado los fondos
marinos de la zona del biotopo protegido de Gaztelugatxe (DECRETO 229/1998, de 15
de septiembre, por el que se declara Biotopo protegido el área de Gaztelugatxe) y se han
clasificado los hábitats submareales someros e intermareales de la reserva de la biosfera
del estuario de Urdaibai. En este último caso, se ha realizado además un análisis de las
capacidades del LiDAR batimétrico y de los métodos de clasificación automática
supervisada para la generación de los mapas de hábitats (Chust et al., 2010b).
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Además, se han definido zonas de potencial interés para la conservación, en el
caso de que en el futuro interesara ampliar las áreas marinas protegidas declaradas hasta
el momento, o la definición de "corredores ecológicos", orientados a la definición de
una red de espacios protegidos que eviten el aislamiento de los hábitats (Crowder &
Norse, 2008; Goodsell, 2009; Sheaves, 2009). También esta investigación puede servir
en los estudios de continuidad ecológica entre la zona costera y la plataforma
continental, en relación con la declaración de zonas marinas protegidas.
Para alcanzar los objetivos de conservación y gestión establecidos, es necesaria
una forma común de entender, describir y clasificar los hábitats bentónicos. Para este
fin, se han desarrollado diferentes tipos de clasificaciones regionales, nacionales e
internacionales (Connor, 2005; Connor et al., 2004; Davies & Moss, 2002; Davies et
al., 2004; European Environment Agency, 2004; Greene et al., 1999; Guarinello et al.,
2010; Howell, 2010; Last et al., 2010; Valentine et al., 2005; Verfaillie et al., 2009),
aunque es muy difícil alcanzar un sistema consensuado y aceptado por la comunidad
científica y que, a su vez, esté adaptado a las necesidad de gestión y conservación. Cabe
destacar, en este sentido, la importancia de la coordinación transnacional para que la
gestión de los espacios sea en base a ecoregiones. Dado de que se trata de un problema
identificado anteriormente (p.ej. en el grupo de trabajo de cartografía de hábitats
marinos del ICES (International Council for the Exploration of the Sea), y con el objeto
resolver dichos problemas, en 2010 da comienzo el proyecto MESH Atlantic (Mapping
European Seabed Habitats in the Atlantic area for better marine management), a través
de la financiación del programa de cooperación internacional transnacional del Área
Atlántica del Fondo de Desarrollo Regional Europeo 2007-2013. En el transcurso de
este proyecto se está recopilando conocimiento de los hábitats marinos en el área
atlántica, junto con protocolos y capacidades de las diferentes técnicas para la
caracterización y mapeo de hábitats, y se producirán mapas armonizados para
promocionar su uso y dar servicio a la sociedad. Uno de los aspectos relevantes será el
desarrollo de la clasificación de hábitats pan-europea EUNIS (European Nature
Information System), de la Agencia Ambiental Europea (2004). La clasificación EUNIS
se basa en clasificaciones previas de zonas del norte de Europa (Connor et al., 2004) y,
por tanto, los hábitats de los mares localizados más al sur no quedan debidamente
definidos en dicha clasificación, haciendo de ésta difícil de emplear. Vista esta
limitación, la zona de la plataforma del País Vasco ha sido definida como un caso de
Discusión
139
estudio, en gran medida por la disponibilidad de información y conocimiento previo. El
conocimiento científico obtenido en la presente Tesis será empleado en la ampliación de
las descripciones de los hábitats existentes en EUNIS, proponiéndose nuevos hábitats
para el mar Cantábrico, justificados por su representatividad, singularidad y función
ecosistémica. En este sentido, cabe destacar los trabajos ya realizados en la descripción
y definición del hábitat caracterizado por las praderas del alga roja Gelidium corneum,
localizado en los fondos rocosos someros muy expuestos al oleaje (Borja, 1987a, b;
Galparsoro et al., in press-a). Dicha alga, representa un hábitat de especial interés tanto
desde el punto de vista de la singularidad y biodiversidad que alberga, como por la
función de protección de determinadas especies, además de ser un recurso económico
(extracción de agar-agar) (Borja et al., 2004a). Por tanto, su adecuada gestión es
indispensable.
Gestión Integrada de la Zona Costera
La información generada en esta Tesis servirá para la gestión de los recursos
marinos, basada principalmente en elementos ecológicos. Por ejemplo, para perseguir el
objetivo final de alcanzar el "buen estado ecológico", para todas las masas de agua para
2015, tal y como indica la Directiva Marco del Agua (Borja et al., 2004b; European
Commision, 2000). El conocimiento adquirido ha sido empleado en una primera
aplicación de la estimación del estado ambiental del mar, tal y como establece la
implementación de la Directiva de la Estrategia Marina Europea, en relación al
descriptor de integridad del fondo marino (Borja et al., 2011; European Commision,
2008a), que debe estar realizada en 2012. Además de esto, en una siguiente fase, dicha
directiva también establece que cada Estado Miembro debe tener desarrollada una serie
de medidas que contemplen la gestión de los usos humanos del medio marino, en un
marco temporal y espacial para 2016, todo ello orientado a la restauración o
mantenimiento del buen estado ambiental. Es en este punto donde converge con la idea
de la Planificación Espacial Marina cuyo objetivo se centra en la minimización de
conflictos entre usos para optimizar el beneficio económico y social de los recursos pero
conservando el buen estado ambiental. En este sentido, la cartografía de hábitats,
desarrollada en esta Tesis, permite estimar la escala potencial de los impactos de las
diferentes actividades humanas en los hábitats bentónicos, y su capacidad de
recuperación, lo cual representa un conocimiento científico esencial para la gestión del
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medio marino, de sus recursos y de los diferentes usos costeros, en el contexto de la
Gestión Espacial Marina (Ehler & Douvere, 2009; European Commision, 2008b) y la
implementación de la Ley de Protección del Mar (Ley 41/2010, de 29 de diciembre, de
protección del medio marino).
La modelización del hábitat, aquí realizada, ha sido empleada para demostrar
el uso potencial de estas técnicas para establecer la distribución del hábitat idóneo de
una especie de interés comercial (el bogavante), pero la misma técnica puede ser
empleada para determinar zonas para la conservación de determinadas especies de
interés o en la selección de ubicaciones en las que una determinada especie se ha
extinguido y pudiera ser repoblada por la adecuación del hábitat. Un caso práctico, fruto
de este trabajo, ha sido emplear las técnicas remotas, muestreos in situ y técnicas de
modelización para la selección de ubicaciones aptas para el transplante de Zostera noltti
en estuarios del País Vasco (Valle et al., in press; Valle et al., 2010).
La predicción de la distribución de hábitats y de especies, a través de zonas
amplias, enfocada a la gestión de recursos, es también un tema de interés científico en la
ecología marina (Maxwell et al., 2009; Vinagre et al., 2006). El conocimiento es de
considerable importancia en la gestión ecosistémica pesquera (Barnes & McFadden,
2008; Curtin & Prellezo, 2010; FAO, 2003; Forst, 2009). Además, la caracterización de
hábitats, basada en procesos, ha mostrado cómo actúa la disturbancia natural en la
composición de las especies y cómo la disturbancia física provocada por las actividad
humana se refleja en la composición de especies (Eyre & Maher, 2011; van Katwijk et
al., 2000). En este sentido, se ha observado que en las zonas más profundas, donde la
acción del oleaje es menor (relacionado con la disturbancia natural) y la posibilidad de
crecimiento es menor (principalmente debido a factores oceanográficos y menor
cantidad de alimento), el hábitat tiende a ser más estable. Esta estabilidad hace que las
especies características presenten, como norma general, una esperanza de vida, tiempo
de maduración, tiempo de generación y tamaños mayores, mientras que en las zonas con
mayor disturbancia se produce el fenómeno opuesto (Kostylev & Hannah, 2007). Esto
se relaciona con las teorías clásicas de estrategias de supervivencia de las especies
(Huston, 1994; Margalef et al., 1979; Reynolds, 1999; Southwood, 1977, 1988).
Además, también puede dar una idea del grado de impacto que pueden suponer algunas
actividades humanas, como es el caso de la pesca de arrastre de fondo. La capacidad de
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crecimiento puede relacionarse con la capacidad de producción de biomasa, mientras
que la capacidad de regeneración o el tiempo de ciclo de vida y reproducción se pueden
relacionar con la resiliencia y con la capacidad de recuperación de las especies tras un
evento de destrucción física del hábitat (por ejemplo, por arrastre) (de Juan et al., 2009;
Olsgard et al., 2008). En este sentido, en verano de 2010, AZTI-Tecnalia, llevó a cabo
una campaña con el objetivo de caracterizar algunos de los componentes ecosistémicos
de los que no se disponía de información previa y que el conocimiento adquirido
pudiera ser empleado en la implementación de la DEME (Borja et al., 2011; Quincoces
et al., 2011). Uno de estos componentes eran las comunidades ícticas demersales.
Teniendo en cuenta la información cartográfica y los mapas de hábitats producidos
como resultado de la presente Tesis, se diseñaron los puntos de muestreo donde se
realizaron las pescas experimentales de arrastre de fondo. Así, se identificaron dos tipos
de comunidades de peces, relacionadas con la profundidad y el tipo de sustrato: una de
aguas más someras, caracterizada por una mayor diversidad de especies, y otra de aguas
más profundas, caracterizada por una menor diversidad específica y una clara
dominancia en biomasa de unas pocas especies. Estas zonas coinciden con las zonas de
pesca y las zonas de veda de pesca de arrastre. Los parámetros estructurales de la
macroinfauna mostraron relaciones significativas con la profundidad y características
del sedimento (Quincoces et al., 2011).
Los mapas de hábitats generados han sido empleados para el desarrollo del Plan
Director de Acuicultura (Mendiola et al., 2008) y en la selección de las ubicaciones
más adecuadas para la instalación de captadores de energía del oleaje en el País Vasco
(Bald et al., 2010b; Galparsoro et al., in press-b). Esta primera selección se ha basado
principalmente en los criterios técnicos, tales como el potencial de energía, la
profundidad o distancia a puerto, aspectos medioambientales relacionados
(principalmente con las regulaciones de áreas marinas protegidas) y algunos aspectos
socioeconómicos, tales como la pesca o el ocio. Aún así, este es un primer paso y falta
por afrontar los aspectos de gobernanza y profundizar en los aspectos socioeconómicos,
que llevarán en un futuro a una planificación espacial del medio marino (Mahon et al.,
2010).
La base de información cartográfica de los fondos, así como de los hábitats y la
composición de especies macrobentónicas, ha servido como uno de los componentes
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estudiados en el primer análisis de valorización de bienes y servicios ecosistémicos en
la plataforma continental y estuarios de la costa vasca (Pascual et al., in press). La
incorporación de un enfoque ecosistémico al PEM requiere que los aspectos de
valorización asociados a la biodiversidad marina sean incluidos en el proceso de toma
de decisiones (Rees et al., 2010).
Dado que uno de los principales objetivos del PEM ecosistémico es el
mantenimiento de los servicios ecosistémicos (en gran parte proporcionados por la
biodiversidad), debe estar basado en los principios ecológicos que articulan atributos
científicos reconocidos de ecosistemas saludables y funcionales (Foley et al., 2010).
Estos autores proponen cuatro principios ecológicos principales: mantener y restaurar la
diversidad de especies nativas, la diversidad de hábitats y heterogeneidad, las especies
clave y la conectividad. Por tanto, es crucial entender la heterogeneidad de las
comunidades biológicas y sus componentes (p.ej. predadores, especies estructuradoras)
y los principales procesos (p.ej. la conectividad entre poblaciones, interacciones en la
cadena trófica y la biogeoquímica) que los mantienen, al igual que los usos humanos
(Crowder & Norse, 2008).
Nuevos retos en la cartografía de fondos y hábitats
En las dos últimas décadas la ampliación del conocimiento científico del medio
marino en el País Vasco, y, más concretamente, en relación a los fondos marinos y
hábitats bentónicos, ha sufrido un desarrollo importante, tal y como se ha mencionado
anteriormente (Borja & Collins, 2004), en gran medida gracias al desarrollo tecnológico
de los equipos empleados a tal fin. Sin embargo, aún existen lagunas de conocimiento
importantes que deberían ser cubiertas para poder alcanzar los retos establecidos en las
medidas de gestión más modernas (DEME o PEM). En el caso concreto de la
plataforma continental que se extiende frente a la costa vasca, y especialmente en los
aspectos relacionados con el trabajo de investigación que se presenta, los aspectos más
importantes a tener en cuenta son los siguientes:
1. Ampliación de la información acerca de los hábitats de sustrato rocoso.
Existe una laguna de conocimiento importante de las comunidades de sustrato
duro en profundidades superiores a los 50 m. Por un lado, por la dificultad de
acceder a mayores profundidades por buceo científico y, por otro, a la
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dificultad técnica que supone el empleo de equipos de muestreo a dichas
profundidades. En el verano de 2010 se realizó una primera campaña de
caracterización a través de técnicas de imagen submarina. La selección de
ubicaciones fue realizada a través de la identificación de elementos singulares
del fondo marino, tales como afloramientos rocosos que se elevan
significativamente del lecho marino (a través de técnicas geoestadísticas),
obtenidas en esta Tesis. Los primeros trabajos realizados con la obtención de
imagen submarina han demostrado la presencia de alta diversidad de especies
pertenecientes a diferentes grupos. Estos resultados preliminares son
prometedores, y los trabajos futuros se dedicarán a la realización de una
campaña completa de dichos fondos y al desarrollo de métodos de análisis e
interpretación de imágenes, para extraer información semicuantitativa de la
composición de especies, y poder así caracterizar las comunidades y los
hábitats.
2. Gracias a los resultados preliminares obtenidos en el transcurso de la presente
Tesis, tales como la caracterización de fondos y hábitats abióticos que
sirvieron para el diseño de la campaña de muestreo de bentos, se ha
determinado la presencia de varios ejemplares de poliquetos de notable
interés científico; ya sea porque no existían citas previas de su presencia en
la plataforma continental vasca o bien, por tratarse nuevas especies para la
ciencia. Dicho resultado es de gran relevancia científica y se plasmará en los
correspondientes artículos científicos internacionales.
3. Mejorar el conocimiento en las relaciones entre los aspectos bióticos y
abióticos. Este conocimiento permitiría mejorar el ajuste de los modelos y la
fiabilidad de las predicciones de distribución de hábitats para las zonas en las
que sólo pudiera disponerse de información de los aspectos abióticos.
4. Ampliación de la investigación hacia zonas más profundas. Aunque la
plataforma continental vasca es larga y compleja, la biodiversidad ha sido
estudiada de forma intensa en los últimos años (Borja & Collins, 2004). El
mayor esfuerzo de muestreo ha estado concentrado en aguas poco profundas
(0-50 m), siendo relativamente escasos los datos de zonas más profundas
(Pascual et al., in press). Por tanto, existe un gradiente de conocimiento
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científico entre las zonas estuáricas y costeras hacia aguas profundas, donde
prevalece el desconocimiento de aspectos morfológicos, procesos y hábitats.
En este sentido, el cañón de Cap Breton y los cañones tributarios que se
extienden desde la plataforma continental vasca, así como los fondos
abisales, presentan alta biodiversidad, pero son poco conocidos (Urzelai et
al., 1990). En estos lugares han sido identificadas zonas de especial interés
por su funcionamiento y, en una primera valorización de la biodiversidad, se
ha demostrado que tienen un gran valor ecológico, pero al mismo tiempo un
bajo valor de fiabilidad de esta afirmación, debido a la falta de información
para una valorización precisa (Pascual et al., in press). Con todo ello, es de
preveer que estas zonas cumplan con unas condiciones claves en el
funcionamiento del ecosistema regional, como puede ser el caso de las zonas
con estructuras de tipo pockmarks (Acosta et al., 2004; Jané et al., 2010;
Webb et al., 2009) o, según otros autores, pockforms (Iglesias et al., 2010).
En la costa vasca estos lugares se localizan en zonas de gran actividad
pesquera (datos de pesca de arrastre en la zona) y es sabido que la estructura
de composición de especies demersales difiere de las zonas aledañas
(Sánchez, comunicación personal). Se trata pues de zonas que sufren una
fuerte presión, debida a la intensa actividad de pesca, y, al mismo tiempo, se
desconoce el impacto que ésta puede provocar en la integridad del fondo y
los hábitats bentónicos. Los cañones, como norma general, han sido
identificados como zonas de alta biodiversidad (Allen & Durrieu de Madron,
2009; Cartes et al., 2009; Louzao et al., 2010), no sólo en términos de
hábitats bentónicos, sino también en el incremento en la abundancia de
zooplancton (Albaina & Irigoien, 2007) y cetáceos (Castège & Hémery,
2009).
5. Con el objeto de mejorar el modelo de hábitat y su significado ecológico
debería realizarse un trabajo de determinación de los biological history-
traits y grupos funcionales de las especies características identificadas en
la presente Tesis, con objeto de obtener modelos más realistas que pueden
respresentar el funcionamiento de los ecosistemas marinos.
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6. Desde el punto de vista de la conservación de la naturaleza, deberían
desarrollarse estudios coordinados con el objeto de generar una red coherente
de áreas marinas protegidas, tal y como establece la RedNATURA2000, en la
que se integre información de diferentes fuentes. Así, se podrá determinar de
una manera más científica el interés de las áreas a proteger, no sólo desde el
punto de vista morfológico o biológico, sino desde el punto de vista del papel
que determinadas regiones ejercen en el funcionamiento de los ecosistemas.
A escala internacional, las partes firmantes de la Convención de la Diversidad
Biológica, han adoptado siete criterios científicos que permiten la
identificación de áreas significativas desde el punto de vista ecológico y
biológico. Los criterios son: (1) singularidad o rareza, (2) de especial
importancia para los biological history-traits de las especies (3) importancia
para las especies o hábitats amenazados, en peligro o en extinción, (4)
vulnerabilidad, fragilidad, sensibilidad o baja capacidad de recuperación, (5)
productividad biológica, (6) diversidad biológica, (7) estado de conservación
("naturalidad") (Harris, 2011). Por tanto, los trabajos orientados a la
conservación del medio marino, deberían dirigirse a generar el conocimiento
científico que permitiera describir los hábitats en base en esos criterios.
7. Estudios orientados hacia los posibles impactos de nuevos usos en el medio
marino tales como la acuicultura y las energías renovables (Bald et al.,
2010a; Langhamer, 2010); especialmente en este último caso, dado que
contempla la instalación de nuevas tecnologías que en muchos casos no han
sido empleadas con anterioridad. En este sentido, además del impacto físico
sobre el medio, deben tenerse en consideración aspectos como la
contaminación acústica o electromagnética y su potencial impacto
ecosistémico.
Con todo ello, y teniendo en cuenta el contexto científico y de gestión plasmado
a través de los apartados anteriores, esta Tesis Doctoral muestra el empleo de varias
metodologías de última generación para la caracterización de los fondos y hábitats
bentónicos. La integración de diversas fuentes de datos correspondientes a varias
disciplinas de las ciencias marinas, ha permitido obtener un mayor y mejor
conocimiento científico de los fondos marinos. Así, todo este conocimiento ha ido
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empleándose en el avance de nuevas medidas de gestión costera, que se han venido
aplicando incluso en el transcurso del presente trabajo de investigación. Además, los
resultados obtenidos se enmarcan en un ambicioso trabajo hacia la mejora de la gestión
marina y en el que este trabajo establece las bases para la valorización de bienes y
servicios ecosistémicos y la Planificación Espacial Marina.
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Conclusiones
A continuación se recogen las principales conclusiones, obtenidas en esta Tesis
Doctoral, en relación con cada uno de los objetivos propuestos al comienzo:
1. La integración de los registros obtenidos con varias técnicas de detección
remota como la ecosonda multihaz, LiDAR topográfico y batimétrico; junto
con la integración de datos biológicos, de sedimentos, vídeo, distribución de
energía del oleaje y modelización de hábitats, han demostrado ser unas
potentes herramientas para realizar la primera caracterización
morfosedimentaria detallada, la descripción de procesos y la cartografía de
hábitats bentónicos de la plataforma continental vasca, hasta los 100 m de
profundidad.
2. La plataforma continental vasca está caracterizada por su heterogeneidad
morfológica. Los fondos mixtos de roca y sedimento cubren la mayor
superficie (49% respecto al total de la zona de estudio). Se presentan como
alternancias de roca y sedimento de reducida potencia que cubre las
depresiones entre estratos rocosos. Los fondos rocosos son dominantes en la
zona litoral, presentando alta pendiente y rugosidad, hasta aproximadamente
40 m de profundidad. En algunas zonas alcanzan la zona externa de la
plataforma continental. Los fondos sedimentarios (que cubren el 35%) se
presentan como materiales de relleno de los paleocauces y se distribuyen
como bancos de arena asociados a las principales playas y las bocas de los
estuarios. Los materiales superficiales varían entre gravas hasta fangos, y las
arenas fina es el tipo sedimentario dominante.
La actividad tectónica, la configuración del basamento y el cambio del nivel
del mar, junto con procesos de aporte sedimentario y las condiciones
climáticas prevalentes, tienen una influencia crítica en la configuración y la
distribución de los diferentes materiales sobre la plataforma.
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Los procesos erosivos y la actividad tectónica son los principales
responsables de la formación del fondo rocoso y su actual morfología;
muestra de ello son las 9 terrazas submarinas y más de 40 paleocauces
identificados.
En cuanto a procesos deposicionales, en los mayores bancos de arena se
observa el desarrollo de una cuña infralitoral progradante; mientras que
estructuras como los "sorted bedforms" son comunes en zonas sujetas a una
importante acción del oleaje.
En términos de estructuras antropogénicas, el vertido de material proveniente
de dragados es la principal alteración física en la zona de estudio.
3. La distribución de los hábitats bentónicos está relacionada con la alta
diversidad geomorfológica, la energía del oleaje cerca del fondo y a las
condiciones hidrográficas. Así, del análisis de los datos biológicos y los
ambientales de las comunidades de sustrato sedimentario, se desprende que la
profundidad, la energía del oleaje cerca del fondo, y las características
sedimentarias son los principales factores que explican la composición y la
distribución espacial de los hábitats y las comunidades bentónicas.
4. La combinación de los factores ambientales, señalados con anterioridad,
puede relacionarse con la estabilidad y la productividad del hábitat. Además,
los factores ambientales pueden relacionarse con la riqueza de especies y la
diversidad; así como con los history-traits de las especies.
5. En función de los resultados obtenidos en esta Tesis Doctoral, se ha podido
generar un modelo de hábitat con significado ecológico y se ha trasladado a
un mapa de hábitats bentónicos, por primera vez para la plataforma
continental vasca.
6. La aplicación de la modelización de hábitats al bogavante europeo (H.
gammarus), a través del análisis ENFA, indicó que la presencia de esta
especie está determinada por una serie de parámetros geomorfológicos y
condiciones hidrográficas que difieren de la condiciones medias de la zona de
estudio. Los resultados de Marginalidad y Especialización, indican que el
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bogavante es restrictivo en cuanto a las condiciones ambientales en los que
habita y que su hábitat preferencial se localiza adyacente a depresiones del
fondo rocoso, caracterizado por una fuerte pendiente y localizado en aguas
someras sujetas a un régimen de energía del oleaje medio-alto.
La información de alta resolución y cobertura total del fondo marino, junto
con un mejor conocimiento de la biología de las especies y de su
comportamiento, demuestra que los análisis multiparamétricos son métodos
muy valiosos para discriminar áreas que cumplen con una determinada
combinación de características, y que incrementan la probabilidad de la
presencia de la especie de estudio. Dichos modelos presentan un gran
potencial, ya sea por razones de gestión de determinada especie como recurso,
o por su valor para la conservación.
7. El mapa de idoneidad para la instalación de captadores de energía del oleaje,
basado en el análisis integrado de factores técnicos, socioeconómicos y
medioambientales, muestra que las zonas más adecuadas se localizan en los
sectores entre Bilbao y Cabo Matxitxako y entre Orio y cabo Higer; y en
zonas de aproximadamente 60 m de profundidad. La energía del oleaje
accesible en estas áreas, junto con otras áreas sin factores de exclusión,
pueden representar entre el 7% y el 10% del consumo energético del País
Vasco, según los captadores de energía del oleaje más avanzados.
El método desarrollado en la presente Tesis se considera potencialmente
interesante para los agentes sociales, durante el proceso de toma de
decisiones, junto con el futuro desarrollo de la producción de energía del
oleaje en la plataforma continental vasca. En un contexto más general, puede
consideraste como un primer paso hacia la propuesta de una Planificación
Espacial Marina.
8. Como conclusión final, se puede decir que los resultados obtenidos en la
presente Tesis establecen las bases de conocimiento científico para un mejor
entendimiento de los hábitats bentónicos y los procesos, a través de la
integración de varias disciplinas de las ciencias marinas y que, de esta forma,
puedan darse respuestas a las nuevas iniciativas de gestión espacial
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ecosistémica del medio marino y el establecimiento de las bases de
conocimiento para la Planificación Espacial Marina.
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Figure 1. Offshore wave climate affecting the study area obtained from
the Bilbao offshore buoy Boya de Bilbao-Vizcaya (Puertos del Estado,
2007).
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Figure 2. Integrated aerial image, topography and multibeam echosounder derived Digital Elevation Model.
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Figure 3. Integrated aerial image, topography and multibeam echosounder derived Digital Elevation Model.
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Figure 4. Integrated aerial image, topography and multibeam echosounder derived Digital Elevation Model.
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Figure 5. Integrated aerial image, topography and multibeam echosounder derived Digital Elevation Model.
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Figure 6. Integrated aerial image, topographic and bathymetric LiDAR and multibeam echosounder derived Digital Elevation Model.
Estudio morfológico y bentónico de la plataforma continental vasca
180
Figure 7. Integrated aerial image, topographic and bathymetric LiDAR and multibeam echosounder derived Digital Elevation Model.
Supplementary material II
181
Supplementary material II
Estudio morfológico y bentónico de la plataforma continental vasca
182
Figure 1. Underwater image positions within the Basque shelf. Points corresponds to images shown in Figure 2 of supplementary material; meanwhile,
rectangles corresponds to images shown in Figure 3 of Supplementary Material.
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Figure 2. Some examples of rocky habitats within the Basque shelf. Data obtained from a
multibeam echosounder (left column) and an in situ seafloor image taken by a submarine video
camera (right column), in the red points highlighted in the echosounder image. (A) A rock reef
at 13 m water depth; (B) the area is dominated by red algae (in this case, Peyssonnelia sp.
probably P. atropurpurea). (C) Rock reef at 21 m water depth; (D) algae dominated the
community: bottom part, calcareous red algae (Lithophyllum incrustans and Mesophyllum
lichenoides), and several brown algae: Desmarestia ligulata (bottom right), Halopteris filicina
(top right) and Zanardinia prototypus (left of H. filicina). (E) Sediment affected rocky seafloor
at 28 m water depth; (F) Brown (Halopteris filicina, right part) and red (Lithophyllum
incrustans) macroalgae, together with some sponges. (G) Rock outcrop at 45 m water depth and
seafloor image location; (H) different species of encrusting algae (Lithophyllum incrustans, in
the centre), red algae (Phyllophora crispa, bottom left), grey sponge (Pachymatisma johnstoni)
and yellow colonial cnidaria. (I) Rock outcrop at 50 m water depth; (J) encrusting red algae
(probably Lithophyllum incrustans), the cnidaria Corynactis viridis and some other species can
be identified. (K) Rock outcrop at 70 m water depth; (L) some epifauna and encrusting fauna
can be identified: two funnel sponges (Phakellia sp., probably P. ventilabrum), the brachiopod
Mergelia truncata, at the basis of the rocks, and a pennatulacean cnidaria (probably Funiculina
quadrangularis). (M) Rock outcrop at 75 m water depth; (N) different species of epifauna can
be identified: several individual of the foraminifer Miniacina miniacea (orange), a serpulid
polychaete, a yellow sponge and many anemones.
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Figure 3. Some examples of sedimentary habitats within the Basque shelf. Data obtained from a
multibeam echosounder (left column) and an in situ seafloor image taken by a submarine video
camera (right column), in the points highlighted in the echosounder image: (A) sandy bottom at
37 m water depth; (B) the ripple marks indicate wave action in the seafloor (grain size
corresponds to medium sand with 98% of sand content). (C) Sandy bottom at 40 m water depth
next to an urban wastewater outfall; (D) the presence of tolerant species to organic enrichment
(mainly Nassarius spp.), indicate the influence of the outfall (the grain size corresponds to fine
sand). (E) Gravel hatch between rock strata at 42 m water depth; (F) a tanatocenosis dominated
by molluscs, shows the highly dynamic area. (G) Wave-induced seabed features at 50 m water
depth; (H) some epifauna, serpulid polychaetes and encrusting fauna can be distinguished in the
pebbles. (I) Sedimentary seafloor at 80 m water depth; (J) some tracks of echinoderms
(probably Amphiura sp, or Acrocnida brachiata) and molluscs, together with holes of annelids
and/or crustaceans can be identified. Some holes seems to be from the crustacean decapod
Alpheus glaber, and in the bottom left another decapod (probably Ebalia) can be appreciated.
The grain size of the area corresponds to fine sand (75% sand and 25% of mud content).
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Table 1. Average similarity (10.85) and macrobenthos species lists for the habitat Class 1
according to the habitat template. Key: Av.Abund.: average abundance; Av.Sim.: average
similarity; Sim/S.D.: similarity standard deviation; Contrib.%: percentage of contribution;
Cum.%: cumulative percentage of contribution.
Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Spiophanes bombyx 1.04 0.79 0.48 7.28 7.28
Mediomastus fragilis 0.94 0.62 0.45 5.74 13.02
Polygordius appendiculatus 1.23 0.56 0.37 5.21 18.22
Nassarius reticulatus 0.64 0.47 0.37 4.35 22.58
Urothoe pulchella 0.71 0.44 0.30 4.06 26.63
Nemertina 0.96 0.41 0.38 3.77 30.40
Chaetozone gibber 0.99 0.37 0.39 3.43 33.83
Nematoda 0.74 0.36 0.29 3.32 37.15
Copepoda 0.93 0.35 0.40 3.20 40.35
Paradoneis armata 0.47 0.32 0.24 2.91 43.26
Ampelisca sarsi 0.41 0.29 0.24 2.69 45.95
Myriochele danielsseni 0.60 0.28 0.32 2.60 48.55
Pisione remota 0.77 0.27 0.31 2.48 51.03
Sphaerosyllis bulbosa 0.64 0.26 0.31 2.41 53.44
Echinocardium cordatum 0.66 0.23 0.32 2.13 55.57
Aponuphis bilineata 0.49 0.19 0.23 1.79 57.36
Prionospio fallax 0.67 0.19 0.24 1.77 59.13
Protodorvillea kefersteini 0.50 0.18 0.22 1.66 60.79
Diogenes pugilator 0.41 0.18 0.17 1.63 62.42
Gastrosaccus normani 0.61 0.17 0.24 1.54 63.96
Echinocyamus pusillus 0.57 0.16 0.23 1.50 65.46
Edwardsia sp. 0.52 0.15 0.24 1.39 66.85
Mysida 0.48 0.14 0.24 1.32 68.17
Glycera lapidum 0.60 0.14 0.23 1.31 69.48
Hippomedon denticulatus 0.34 0.14 0.17 1.26 70.74
Timoclea ovata 0.51 0.14 0.24 1.24 71.99
Eurydice truncata 0.35 0.13 0.17 1.22 73.20
Chamelea gallina 0.32 0.13 0.16 1.20 74.41
Tellina donacina 0.34 0.12 0.16 1.10 75.51
Chone filicaudata 0.79 0.12 0.23 1.10 76.60
Magelona johnstoni 0.33 0.12 0.17 1.06 77.66
Spiophanes kroyeri 0.40 0.10 0.17 0.88 78.54
Nephtys cirrosa 0.37 0.09 0.16 0.82 79.36
Pectinaria koreni 0.44 0.09 0.17 0.80 80.16
Owenia fusiformis 0.38 0.08 0.17 0.78 80.93
Euspira pulchella 0.34 0.08 0.17 0.75 81.69
Lumbrineris 0.40 0.08 0.17 0.75 82.44
Ampelisca brevicornis 0.45 0.08 0.17 0.73 83.17
Sthenelais limicola 0.48 0.08 0.16 0.71 83.88
Harpinia antennaria 0.38 0.07 0.17 0.69 84.57
Magelona filiformis 0.47 0.07 0.17 0.67 85.24
Tellina compressa 0.45 0.07 0.17 0.66 85.90
Syllis pontxioi 0.49 0.06 0.17 0.59 86.50
Urothoe brevicornis 0.22 0.06 0.10 0.58 87.08
Cylichna cylindracea 0.38 0.06 0.17 0.58 87.66
Tubulanus polymorphus 0.34 0.06 0.17 0.57 88.23
Ascorhynchus simile 0.20 0.06 0.10 0.57 88.80
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Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Aricidea catherinae 0.34 0.06 0.16 0.54 89.34
Siphonoecetes kroyeranus 0.22 0.05 0.10 0.45 89.79
Pseudomystides limbata 0.34 0.04 0.17 0.40 90.19
Table 2. Average similarity (13.92) and macrobenthos species lists for the habitat Class 2
according to the habitat template. Key: Av.Abund.: average abundance; Av.Sim.: average
similarity; Sim/S.D.: similarity standard deviation; Contrib.%: percentage of contribution;
Cum.%: cumulative percentage of contribution.
Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Nephtys cirrosa 0.97 1.46 0.55 10.47 10.47
Magelona johnstoni 1.05 1.23 0.54 8.87 19.34
Nemertina 0.85 0.95 0.49 6.84 26.18
Diogenes pugilator 0.86 0.92 0.34 6.59 32.77
Urothoe pulchella 0.70 0.63 0.34 4.56 37.32
Nassarius reticulatus 0.68 0.56 0.38 4.04 41.36
Paradoneis armata 0.81 0.54 0.37 3.85 45.21
Spiophanes bombyx 0.74 0.44 0.35 3.17 48.38
Pisione remota 0.68 0.38 0.29 2.74 51.12
Prionospio steenstrupi 0.56 0.35 0.32 2.50 53.62
Siphonoecetes kroyeranus 0.59 0.34 0.32 2.43 56.05
Magelona filiformis 0.66 0.33 0.29 2.35 58.39
Owenia fusiformis 0.61 0.32 0.30 2.27 60.67
Ampelisca brevicornis 0.67 0.31 0.31 2.24 62.91
Edwardsia sp. 0.56 0.30 0.29 2.16 65.07
Scolaricia sp. 0.46 0.24 0.26 1.74 66.81
Hippomedon denticulatus 0.43 0.23 0.24 1.63 68.44
Nematoda 0.49 0.23 0.24 1.62 70.07
Echinocardium cordatum 0.51 0.22 0.25 1.58 71.64
Mediomastus fragilis 0.56 0.19 0.26 1.34 72.99
Glycera lapidum 0.41 0.17 0.20 1.23 74.21
Echinocyamus pusillus 0.40 0.16 0.22 1.16 75.37
Bathyporeia elegans 0.27 0.16 0.15 1.16 76.53
Polygordius appendiculatus 0.55 0.15 0.18 1.05 77.59
Eurydice truncata 0.43 0.12 0.19 0.88 78.47
Chaetozone gibber 0.46 0.11 0.18 0.82 79.29
Hesionura elongata 0.33 0.10 0.16 0.75 80.04
Myriochele danielsseni 0.32 0.10 0.16 0.72 80.76
Chamelea gallina 0.28 0.09 0.16 0.65 81.41
Copepoda 0.36 0.08 0.17 0.60 82.01
Atylus falcatus 0.31 0.08 0.15 0.59 82.60
Sphaerosyllis bulbosa 0.26 0.07 0.15 0.52 83.12
Diastylis bradyi 0.29 0.07 0.14 0.48 83.61
Sthenelais limicola 0.24 0.06 0.12 0.42 84.03
Mactra stultorum 0.27 0.05 0.13 0.39 84.42
Onuphis eremita 0.20 0.05 0.10 0.39 84.81
Syllis pontxioi 0.26 0.05 0.13 0.37 85.18
Perioculodes longimanus 0.24 0.05 0.14 0.37 85.54
Protodorvillea kefersteini 0.25 0.05 0.11 0.35 85.89
Tubulanus polymorphus 0.22 0.05 0.12 0.35 86.24
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Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Urothoe brevicornis 0.15 0.05 0.08 0.35 86.59
Aponuphis bilineata 0.23 0.05 0.13 0.35 86.93
Spio decoratus 0.24 0.05 0.13 0.33 87.27
Ampelisca cavicoxa 0.27 0.04 0.09 0.31 87.58
Scolelepis squamata 0.16 0.04 0.09 0.31 87.89
Ampelisca heterodactyla 0.20 0.04 0.11 0.30 88.19
Anapagurus hyndmanni 0.25 0.04 0.10 0.30 88.49
Cylichna cylindracea 0.18 0.04 0.10 0.29 88.78
Prionospio fallax 0.25 0.04 0.11 0.29 89.07
Gastrosaccus sanctus 0.16 0.04 0.08 0.29 89.36
Goodallia triangularis 0.21 0.04 0.10 0.29 89.65
Nucula sulcata 0.22 0.04 0.12 0.28 89.93
Tellina fabula 0.21 0.04 0.11 0.28 90.21
Table 3. Average similarity (7.95) and macrobenthos species lists for the habitat Class 3
according to the habitat template. Key: Av.Abund.: average abundance; Av.Sim.: average
similarity; Sim/S.D.: similarity standard deviation; Contrib.%: percentage of contribution;
Cum.%: cumulative percentage of contribution.
Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Diogenes pugilator 1.75 2.76 0.45 34.67 34.67
Gastrosaccus sanctus 0.77 0.62 0.38 7.80 42.47
Nephtys cirrosa 1.01 0.59 0.40 7.46 49.93
Echinocardium cordatum 0.84 0.41 0.37 5.15 55.08
Nematoda 0.74 0.29 0.22 3.69 58.77
Paradoneis armata 0.54 0.28 0.22 3.47 62.24
Protodrilus sp. 0.72 0.27 0.22 3.45 65.69
Syllis pontxioi 0.68 0.25 0.22 3.16 68.84
Glycera lapidum 0.63 0.25 0.22 3.10 71.95
Terebellidae 0.90 0.23 0.22 2.90 74.85
Goniada maculata 0.57 0.23 0.22 2.90 77.74
Spiochaetopterus costarum 0.69 0.23 0.22 2.90 80.64
Hesionura elongata 0.69 0.21 0.22 2.65 83.30
Nereimyra punctata 0.63 0.21 0.22 2.65 85.95
Bathyporeia elegans 0.64 0.18 0.22 2.26 88.21
Perioculodes longimanus 0.46 0.16 0.22 2.07 90.28
Table 4. Average similarity (15.76) and macrobenthos species lists for the habitat Class 5
according to the habitat template. Key: Av.Abund.: average abundance; Av.Sim.: average
similarity; Sim/S.D.: similarity standard deviation; Contrib.%: percentage of contribution;
Cum.%: cumulative percentage of contribution.
Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Nemertina 1.70 1.23 1.02 7.82 7.82
Copepoda 1.39 0.66 0.62 4.16 11.99
Chaetozone gibber 1.17 0.65 0.62 4.14 16.13
Nematoda 1.83 0.55 0.41 3.47 19.60
Prionospio fallax 1.28 0.54 0.55 3.43 23.02
Spiophanes bombyx 1.09 0.51 0.54 3.24 26.26
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Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Paradoneis ilvana 1.02 0.43 0.54 2.72 28.99
Mediomastus fragilis 1.02 0.43 0.50 2.70 31.69
Ampelisca brevicornis 0.91 0.42 0.45 2.64 34.33
Thyasira flexuosa 1.01 0.36 0.48 2.28 36.61
Timoclea ovata 0.88 0.36 0.46 2.27 38.87
Sthenelais limicola 0.78 0.35 0.50 2.21 41.08
Aponuphis bilineata 0.85 0.34 0.47 2.18 43.25
Polygordius appendiculatus 1.20 0.32 0.31 2.06 45.31
Nucula sulcata 0.78 0.31 0.43 1.99 47.30
Spiophanes kroyeri 0.87 0.28 0.40 1.76 49.05
Diplocirrus glaucus 0.77 0.25 0.43 1.57 50.62
Glycera alba 0.67 0.23 0.39 1.43 52.05
Abra alba 0.78 0.22 0.34 1.40 53.45
Amphipholis squamata 0.81 0.22 0.33 1.39 54.84
Nephtys hombergii 0.73 0.22 0.36 1.38 56.22
Ophiura ophiura 0.73 0.21 0.39 1.36 57.58
Glycera lapidum 0.91 0.21 0.27 1.36 58.94
Pisione remota 0.91 0.21 0.27 1.32 60.25
Ampharete finmarchica 0.71 0.20 0.37 1.27 61.53
Owenia fusiformis 0.62 0.19 0.33 1.22 62.75
Grania sp. 0.77 0.18 0.27 1.15 63.90
Sphaerosyllis bulbosa 0.84 0.18 0.27 1.14 65.04
Lumbrineris cingulata 0.67 0.17 0.30 1.06 66.10
Aponuphis fauveli 0.66 0.15 0.30 0.98 67.08
Galathowenia oculata 0.56 0.14 0.24 0.89 67.97
Echinocardium cordatum 0.59 0.13 0.26 0.83 68.81
Poecilochaetus serpens 0.58 0.13 0.30 0.82 69.62
Tellina compressa 0.60 0.12 0.26 0.76 70.38
Pista cristata 0.45 0.11 0.25 0.73 71.11
Chaetozone setosa 0.65 0.11 0.23 0.72 71.83
Goniadella gracilis 0.68 0.11 0.19 0.71 72.53
Diastylis laevis 0.51 0.11 0.27 0.70 73.23
Ampelisca tenuicornis 0.60 0.11 0.27 0.68 73.91
Monticellina dorsobranchialis 0.50 0.10 0.26 0.67 74.58
Dosinia lupinus 0.42 0.10 0.21 0.62 75.19
Tellina donacina 0.50 0.09 0.19 0.60 75.79
Lumbrineris 0.40 0.09 0.16 0.58 76.37
Magelona minuta 0.54 0.09 0.24 0.56 76.93
Pseudomystides limbata 0.50 0.09 0.22 0.54 77.48
Decapoda 0.34 0.08 0.22 0.50 77.97
Myriochele danielsseni 0.51 0.08 0.18 0.48 78.46
Tubulanus polymorphus 0.43 0.07 0.25 0.44 78.90
Protodrilus sp. 0.52 0.07 0.16 0.44 79.34
Echinocyamus pusillus 0.45 0.07 0.16 0.44 79.78
Gastrosaccus normani 0.37 0.07 0.20 0.43 80.21
Harpinia antennaria 0.37 0.07 0.18 0.43 80.64
Magelona johnstoni 0.36 0.06 0.15 0.41 81.05
Syllis pontxioi 0.44 0.06 0.18 0.41 81.46
Aricidea catherinae 0.30 0.06 0.19 0.38 81.83
Magelona filiformis 0.33 0.06 0.21 0.38 82.21
Terebellides stroemii 0.50 0.06 0.19 0.38 82.59
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Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Edwardsia sp. 0.36 0.06 0.15 0.37 82.96
Chaetozone sp. 0.38 0.06 0.18 0.36 83.32
Levinsenia gracilis 0.40 0.05 0.18 0.34 83.65
Harmothoe antilopes 0.29 0.05 0.15 0.33 83.98
Prionospio 0.37 0.05 0.16 0.32 84.30
Nephtys kersivalensis 0.33 0.05 0.17 0.31 84.61
Scalibregma inflatum 0.33 0.05 0.16 0.30 84.91
Iphinoe serrata 0.38 0.04 0.19 0.28 85.19
Anapagurus laevis 0.27 0.04 0.18 0.27 85.46
Streptodonta pterochaeta 0.42 0.04 0.13 0.25 85.71
Hesionura elongata 0.35 0.04 0.13 0.25 85.95
Protodorvillea kefersteini 0.38 0.04 0.12 0.23 86.19
Notomastus latericeus 0.32 0.04 0.14 0.23 86.41
Aricidea claudiae 0.32 0.03 0.15 0.22 86.63
Pectinaria koreni 0.40 0.03 0.12 0.22 86.85
Syllis parapari 0.28 0.03 0.15 0.21 87.06
Lumbrineris sp. 0.36 0.03 0.13 0.21 87.27
Nephtys cirrosa 0.24 0.03 0.13 0.20 87.47
Abra prismatica 0.24 0.03 0.13 0.19 87.66
Lysippe labiata 0.31 0.03 0.15 0.19 87.86
Phascolion strombi 0.24 0.03 0.15 0.19 88.05
Microjaera anisopoda 0.39 0.03 0.13 0.19 88.24
Cylichna cylindracea 0.27 0.03 0.15 0.19 88.44
Chamelea gallina 0.26 0.03 0.13 0.19 88.63
Phyllodoce rosea 0.23 0.03 0.12 0.18 88.81
Ditrupa arietina 0.24 0.03 0.15 0.18 88.99
Prionospio ehlersi 0.32 0.03 0.16 0.18 89.17
Bodotria scorpioides 0.25 0.03 0.10 0.17 89.34
Cavernularia pusilla 0.23 0.03 0.12 0.17 89.51
Mactra stultorum 0.28 0.03 0.12 0.17 89.68
Glycinde nordmanni 0.22 0.03 0.15 0.16 89.85
Pseudopolydora paucibranchiata 0.23 0.03 0.12 0.16 90.01
Table 5. Average similarity (15.40) and macrobenthos species lists for the habitat Class 6
according to the habitat template. Key: Av.Abund.: average abundance; Av.Sim.: average
similarity; Sim/S.D.: similarity standard deviation; Contrib.%: percentage of contribution;
Cum.%: cumulative percentage of contribution.
Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Nemertina 1.49 1.18 0.97 7.65 7.65
Spiophanes bombyx 1.42 0.93 0.70 6.04 13.68
Echinocardium cordatum 1.20 0.88 0.59 5.71 19.39
Nephtys cirrosa 1.12 0.83 0.55 5.37 24.76
Mediomastus fragilis 1.05 0.58 0.52 3.74 28.49
Magelona johnstoni 1.12 0.55 0.48 3.60 32.10
Urothoe pulchella 0.91 0.55 0.46 3.56 35.66
Ampelisca brevicornis 1.13 0.55 0.57 3.56 39.22
Owenia fusiformis 0.83 0.36 0.51 2.31 41.53
Chaetozone gibber 1.01 0.33 0.45 2.15 43.69
Sthenelais limicola 0.77 0.33 0.50 2.13 45.82
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Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Nematoda 0.93 0.33 0.25 2.12 47.94
Magelona filiformis 0.85 0.28 0.36 1.81 49.75
Eurydice truncata 0.69 0.27 0.39 1.74 51.49
Pseudocuma simile 0.66 0.27 0.38 1.73 53.23
Glycera lapidum 0.59 0.26 0.29 1.69 54.91
Copepoda 0.81 0.26 0.39 1.66 56.58
Gastrosaccus normani 0.70 0.25 0.39 1.62 58.20
Diogenes pugilator 0.55 0.24 0.32 1.56 59.76
Tubulanus polymorphus 0.67 0.23 0.40 1.51 61.27
Polygordius appendiculatus 0.83 0.23 0.19 1.49 62.75
Hesionura elongata 0.70 0.20 0.20 1.29 64.04
Edwardsia sp. 0.71 0.20 0.34 1.28 65.32
Prionospio steenstrupi 0.58 0.18 0.31 1.16 66.48
Hippomedon denticulatus 0.48 0.16 0.29 1.04 67.52
Autonoe longipes 0.60 0.14 0.27 0.92 68.44
Lumbrineris cingulata 0.61 0.14 0.31 0.92 69.35
Pisione remota 0.62 0.14 0.18 0.89 70.25
Nassarius reticulatus 0.51 0.14 0.32 0.89 71.14
Sphaerosyllis bulbosa 0.48 0.13 0.20 0.84 71.97
Aponuphis bilineata 0.52 0.13 0.30 0.84 72.81
Ampelisca spinimana 0.51 0.13 0.31 0.82 73.63
Ampharete finmarchica 0.52 0.11 0.27 0.72 74.35
Anapagurus laevis 0.43 0.11 0.27 0.72 75.07
Cylichna cylindracea 0.48 0.11 0.26 0.71 75.79
Dosinia lupinus 0.46 0.11 0.26 0.70 76.48
Callianassa truncata 0.39 0.11 0.26 0.69 77.18
Spiochaetopterus costarum 0.46 0.10 0.27 0.66 77.83
Aricidea catherinae 0.55 0.10 0.23 0.64 78.47
Phascolion strombi 0.36 0.10 0.27 0.63 79.10
Prionospio fallax 0.60 0.09 0.21 0.58 79.68
Galathea intermedia 0.34 0.08 0.22 0.54 80.22
Mactra stultorum 0.35 0.08 0.12 0.53 80.75
Pectinaria koreni 0.49 0.08 0.18 0.49 81.24
Scolaricia sp. 0.33 0.08 0.23 0.49 81.73
Decapoda 0.41 0.07 0.22 0.48 82.21
Chone filicaudata 0.40 0.07 0.23 0.47 82.67
Paradoneis ilvana 0.40 0.07 0.22 0.47 83.14
Diastylis laevis 0.36 0.07 0.18 0.46 83.60
Phoronis sp. 0.38 0.07 0.23 0.44 84.04
Streptodonta pterochaeta 0.35 0.07 0.17 0.44 84.48
Bodotria scorpioides 0.33 0.07 0.23 0.43 84.91
Amphipholis squamata 0.35 0.06 0.23 0.42 85.33
Thyasira flexuosa 0.51 0.06 0.18 0.42 85.75
Spio martinensis 0.46 0.06 0.14 0.40 86.15
Anapagurus hyndmanni 0.43 0.06 0.18 0.39 86.53
Anapagurus sp. 0.32 0.06 0.18 0.37 86.90
Ampelisca cavicoxa 0.32 0.06 0.18 0.37 87.27
Protodorvillea kefersteini 0.35 0.05 0.13 0.35 87.62
Echinocyamus pusillus 0.30 0.05 0.18 0.35 87.96
Nucula sulcata 0.35 0.05 0.18 0.33 88.29
Philocheras bispinosus 0.32 0.05 0.18 0.32 88.61
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Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Perioculodes longimanus 0.30 0.05 0.18 0.31 88.91
Goniadella gracilis 0.24 0.05 0.10 0.30 89.22
Spiophanes kroyeri 0.30 0.05 0.18 0.30 89.51
Phyllodoce rosea 0.31 0.05 0.18 0.30 89.81
Syllis pontxioi 0.31 0.04 0.18 0.29 90.10
Table 6. Average similarity (14.80) and macrobenthos species lists for the habitat Class 7
according to the habitat template. Key: Av.Abund.: average abundance; Av.Sim.: average
similarity; Sim/S.D.: similarity standard deviation; Contrib.%: percentage of contribution;
Cum.%: cumulative percentage of contribution.
Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Diogenes pugilator 1.82 5.38 0.58 36.36 36.36
Siphonoecetes striatus 1.66 5.33 0.58 36.01 72.37
Spiophanes bombyx 1.33 4.09 0.58 27.63 100.00
Table 7. Average similarity (22.86) and macrobenthos species lists for the habitat Class 9
according to the habitat template. Key: Av.Abund.: average abundance; Av.Sim.: average
similarity; Sim/S.D.: similarity standard deviation; Contrib.%: percentage of contribution;
Cum.%: cumulative percentage of contribution.
Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Mediomastus fragilis 2.14 1.07 0.87 4.69 4.69
Nemertina 1.89 1.02 1.03 4.46 9.15
Terebellides stroemii 1.89 0.97 0.89 4.25 13.40
Spiophanes kroyeri 1.68 0.94 0.90 4.13 17.53
Galathowenia oculata 1.85 0.93 0.74 4.05 21.58
Ampharete finmarchica 1.61 0.80 0.84 3.52 25.10
Monticellina dorsobranchialis 1.65 0.74 0.67 3.26 28.36
Magelona minuta 1.57 0.73 0.73 3.18 31.54
Chaetozone setosa 1.41 0.62 0.62 2.73 34.27
Maldane glebifex 1.36 0.62 0.74 2.72 36.99
Thyasira flexuosa 1.45 0.55 0.62 2.39 39.38
Prionospio fallax 1.23 0.48 0.62 2.11 41.49
Lumbrineris nonatoi 1.16 0.48 0.56 2.11 43.60
Iphinoe serrata 1.16 0.45 0.61 1.97 45.57
Paradiopatra calliopae 1.30 0.44 0.49 1.92 47.49
Ampelisca tenuicornis 1.19 0.43 0.55 1.90 49.39
Copepoda 1.21 0.41 0.63 1.80 51.19
Abyssoninoe hibernica 1.08 0.39 0.56 1.72 52.92
Prionospio ehlersi 1.14 0.39 0.52 1.70 54.61
Aponuphis fauveli 1.07 0.37 0.52 1.61 56.22
Nematoda 1.74 0.32 0.29 1.41 57.63
Diplocirrus glaucus 0.90 0.32 0.50 1.38 59.02
Praxillella gracilis 0.90 0.31 0.45 1.34 60.35
Timoclea ovata 0.96 0.30 0.52 1.31 61.66
Onchnesoma steenstrupii 0.88 0.27 0.46 1.17 62.83
Monticellina 0.92 0.27 0.33 1.17 64.00
Tubulanus polymorphus 0.92 0.26 0.46 1.14 65.14
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Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Ninoe armoricana 0.85 0.25 0.41 1.10 66.24
Lysippe labiata 0.87 0.24 0.46 1.06 67.30
Abra alba 0.76 0.23 0.42 0.99 68.29
Spiophanes bombyx 0.81 0.23 0.37 0.99 69.27
Nuculana commutata 0.81 0.22 0.41 0.98 70.26
Scalibregma inflatum 0.80 0.22 0.41 0.94 71.20
Harpinia antennaria 0.72 0.21 0.32 0.92 72.12
Euclymene 0.79 0.21 0.31 0.91 73.03
Amphipholis squamata 0.81 0.19 0.36 0.82 73.85
Nephtys incisa 0.77 0.19 0.33 0.82 74.67
Brissopsis lyrifera 0.72 0.19 0.36 0.81 75.49
Urothoe elegans 0.72 0.19 0.32 0.81 76.30
Peresiella clymenoides 0.68 0.17 0.37 0.74 77.04
Scoloplos 0.71 0.16 0.32 0.69 77.73
Amphicteis gunneri 0.63 0.15 0.32 0.67 78.40
Pseudopolydora paucibranchiata 0.64 0.14 0.31 0.63 79.03
Glycera rouxi 0.60 0.13 0.32 0.56 79.60
Callianassa subterranea 0.61 0.12 0.29 0.55 80.14
Corbula gibba 0.55 0.12 0.29 0.54 80.68
Polygordius appendiculatus 0.87 0.12 0.20 0.54 81.22
Sphaerosyllis bulbosa 0.76 0.12 0.19 0.51 81.73
Minuspio multibranchiata 0.62 0.11 0.28 0.46 82.20
Labioleanira yhleni 0.53 0.11 0.24 0.46 82.66
Grania sp. 0.76 0.10 0.18 0.45 83.11
Owenia fusiformis 0.55 0.10 0.28 0.42 83.53
Myriochele danielsseni 0.48 0.10 0.23 0.42 83.95
Aponuphis bilineata 0.56 0.09 0.29 0.40 84.35
Cossura sp. 0.52 0.09 0.23 0.38 84.73
Episiphon filum 0.51 0.08 0.24 0.37 85.10
Poecilochaetus serpens 0.48 0.08 0.25 0.35 85.45
Auchenoplax crinita 0.47 0.08 0.24 0.34 85.79
Pista cristata 0.50 0.08 0.22 0.34 86.13
Notomastus latericeus 0.45 0.07 0.24 0.32 86.46
Nucula sulcata 0.49 0.07 0.24 0.31 86.77
Pisione remota 0.61 0.07 0.15 0.31 87.08
Glycera alba 0.46 0.07 0.25 0.30 87.38
Sternaspis scutata 0.46 0.07 0.25 0.30 87.68
Ophelina cylindricaudata 0.49 0.07 0.24 0.29 87.98
Chaetozone sp. 0.45 0.07 0.20 0.29 88.27
Tellina sp. 0.45 0.07 0.21 0.29 88.56
Phoronis sp. 0.40 0.07 0.20 0.29 88.85
Protodorvillea kefersteini 0.60 0.07 0.16 0.29 89.13
Lumbrineris sp. 0.43 0.07 0.21 0.28 89.42
Maldanidae 0.41 0.06 0.21 0.27 89.69
Paradoneis ilvana 0.44 0.06 0.19 0.25 89.94
Magelona alleni 0.39 0.06 0.21 0.25 90.18
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Table 8. Average similarity (19.37) and macrobenthos species lists for the habitat Class 13
according to the habitat template. Key: Av.Abund.: average abundance; Av.Sim.: average
similarity; Sim/S.D.: similarity standard deviation; Contrib.%: percentage of contribution;
Cum.%: cumulative percentage of contribution.
Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Terebellides stroemii 1.86 1.42 1.17 7.35 7.35
Monticellina dorsobranchialis 1.82 1.31 1.11 6.76 14.11
Paradiopatra calliopae 1.82 1.06 0.84 5.49 19.60
Prionospio fallax 1.39 0.94 0.89 4.85 24.46
Ampharete finmarchica 1.38 0.78 0.67 4.04 28.49
Spiophanes kroyeri 1.31 0.76 0.68 3.95 32.44
Prionospio ehlersi 1.33 0.65 0.68 3.38 35.82
Onchnesoma steenstrupii 1.14 0.63 0.67 3.23 39.05
Nemertina 1.15 0.58 0.64 3.00 42.06
Nephtys incisa 1.03 0.49 0.51 2.54 44.60
Magelona minuta 1.26 0.49 0.52 2.52 47.12
Galathowenia oculata 1.19 0.47 0.38 2.43 49.54
Callianassa subterranea 0.98 0.44 0.51 2.25 51.80
Poecilochaetus serpens 0.95 0.42 0.51 2.16 53.96
Aponuphis fauveli 1.03 0.42 0.51 2.15 56.11
Nucula sulcata 0.96 0.41 0.49 2.11 58.22
Monticellina sp. 0.86 0.38 0.38 1.95 60.17
Scalibregma inflatum 0.84 0.33 0.51 1.70 61.86
Mediomastus fragilis 1.16 0.30 0.38 1.55 63.41
Myriochele oculata 0.90 0.29 0.38 1.48 64.89
Chaetozone setosa 1.00 0.28 0.35 1.46 66.36
Glycera rouxi 0.82 0.28 0.38 1.45 67.80
Abra alba 0.73 0.26 0.38 1.35 69.16
Nematoda 0.98 0.26 0.36 1.34 70.50
Ampelisca tenuicornis 0.97 0.25 0.38 1.31 71.81
Timoclea ovata 0.73 0.25 0.37 1.29 73.11
Maldane glebifex 0.85 0.24 0.38 1.25 74.35
Thyasira flexuosa 0.84 0.24 0.37 1.23 75.59
Abyssoninoe hibernica 0.75 0.23 0.38 1.17 76.75
Tubulanus polymorphus 0.76 0.18 0.38 0.92 77.68
Chaetozone sp. 0.63 0.18 0.26 0.91 78.59
Euclymene oerstedi 0.70 0.17 0.26 0.89 79.48
Sternaspis scutata 0.56 0.17 0.26 0.86 80.34
Pseudopolydora paucibranchiata 0.66 0.15 0.26 0.78 81.12
Spiophanes bombyx 0.64 0.15 0.26 0.76 81.88
Maldanidae 0.48 0.14 0.26 0.71 82.59
Lumbrineris sp. 0.54 0.13 0.26 0.69 83.28
Labioleanira yhleni 0.66 0.13 0.25 0.67 83.96
Scaphopoda 0.52 0.13 0.26 0.65 84.61
Praxillella gracilis 0.61 0.12 0.25 0.61 85.22
Iphinoe serrata 0.57 0.11 0.25 0.58 85.80
Scoloplos 0.62 0.11 0.25 0.58 86.38
Trichobranchus glacialis 0.50 0.11 0.25 0.57 86.95
Aponuphis bilineata 0.59 0.11 0.26 0.56 87.51
Ninoe armoricana 0.62 0.11 0.25 0.56 88.07
Chaetozone gibber 0.52 0.11 0.26 0.56 88.62
Levinsenia flava 0.51 0.10 0.24 0.54 89.16
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Species Av.Abund. Av.Sim. Sim/S.D. Contrib.% Cum.%
Praxillella affinis 0.66 0.10 0.23 0.53 89.68
Diplocirrus glaucus 0.56 0.10 0.24 0.52 90.20
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